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ABSTRACT
 Xyloglucan (XyG) is the major hemicellulosic polysaccharide in the primary cell walls 
of most vascular dicotyledonous plants, and has important structural and physiological 
functions in plant growth and development. In Arabidopsis thaliana, a glucan synthase 
CSLC4,  three xylosyltransferases, XXT1, XXT2, and XXT5, two galactosyltransferase, 
MUR3 and XLT2 and a fucosyltransferase, FUT1 synthesize xyloglucan in Golgi. The 
functional organization of these enzymes is not clear. To study the functional organization of 
these enzymes, Bimolecular Fluorescence Complementation (BiFC), in vitro pull-down assay 
and co-immunoprecipitation were used to elucidate the interactions among CSLC4, XXTs,  
MUR3, XLT2 and FUT1 proteins both in vivo and in vitro. Obtained results show agreement 
with each other and indicate the physical interactions and/or close proximity among these 
proteins. To further understand the stoichiometry and exact composition of the complex, the 
proteomics analysis of the protein complexes immunoprecipitated using different tagged 
glycosyltransferases as bait proteins is being performed. 
 The other part of this dissertation is to understand the molecular mechanism of XXTs 
catalytic activity. Currently, not much information is known regarding the catalytic 
mechanism of cell wall related glycosyltransferases due to the lack of crystal structures. We 
conducted homology modeling and molecular simulation to predict structure of substrate 
binding domain (DXD motif) of XXT2 and XXT5. Using this information, we are 
performing now the site-directed mutagenesis to understand the importance of XXT2 and 
XXT5 DXD motifs for their functionality both in vitro and in vivo. 
vi
CHAPTER 1
INTRODUCTION
 This dissertation addresses molecular mechanisms of plant cell wall biosynthesis. The 
cell wall determines plant growth, development, stress resistance, and defense responses. The 
complex polysaccharide structure is also a main source of renewable carbohydrate that is 
utilized by humans in many industrial applications, such as production of biomaterials, 
biofuels, biomedicals, etc. During past years, significant progress has been made to identify 
the genes encoding proteins involved in cell wall polysaccharide formation. However, the 
functional organization of the revealed enzymes, their regulation, as well as the 
mechanisms of their catalytic activities is largely unknown.
 Xylogucan is the major hemicellulose of the primary cell wall in most plant and is 
known to be involved in regulation of plant growth and signaling pathways. The xyloglucan 
biosynthesis requires a glucan synthase to synthesize the glucan backbone and several types 
of glycosyltransferases (GTs) to form different side chains on that backbone. In Arabidopsis, 
a glucan synthase (CSLC4) (Cocuron et al., 2007), three major xylosyltransferases (XXT1, 
XXT2 and XXT5) (Cavalier and Keegstra, 2006; Zabotina et al., 2008), two 
galactosyltransferases (XLT2 and MUR3) (Madson et al., 2003; Jensen et al., 2012) and a 
fucosyltransferase (FUT1) (Perrin et al., 1999) have been identified and demonstrated to be 
involved in xyloglucan biosynthesis in Golgi. These seven GTs can potentially synthesize a 
complete structure of xyloglucan present in Arabidopsis cell walls. Therefore, xyloglucan 
biosynthesis represent a great model to be used to understand the functional organization of 
GTs involved in complex carbohydrate polymer synthesis and to advance our knowledge 
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about plant cell wall formation in general. Biochemical study by co-expression of XXT1 and 
CSLC4 in Pichia cells demonstrated that XXT1 can support the ability of CSLC4 to 
synthesize longer glucan backbones, thus indicating a functional relationship between 
CSLC4 and XXT1 (Cocuron et al., 2007). In addition, reverse genetic studies showed that 
xyloglucan in xxt1 xxt5 and xxt2 xxt5 double mutants is fully decorated, but the total amount 
of synthesized xyloglucan was reduced by 50% in both mutants. These results indicate the 
GT activity of either XXT1 or XXT2 is sufficient to xylosylate glucan backbone, but the 
overall extent of xyloglucan biosynthesis depends on the presence of XXT5 (Zabotina et al., 
2012). From these results, Zabotina and colleagues proposed that a glucan synthase and 
xylosyltransferases involved in xylosylation of glucan backbone might localize in close 
proximity, most likely, within multiprotein complexes. On the contrary, the information 
available for spatial localization of galactosyltrasferase and fucosyltransferase involved in 
further decoration of branched xyloglucan structure in respect to glucan synthesis and 
xylosylation is somewhat unclear (Chevalier et al., 2010). Thus, Chevalier et al. proposed 
that the galactosylation and fucosylation of xyloglucan are independent processes and are 
spatially separated from xylosyltransferases and glucan synthase. On the other hand, 
tomographic analysis of xyloglucan distribution in Golgi cisternae indicated that 
xylosylation, galactosyltaion and fucosylation, all proceed in trans-Golgi compartment 
(Donohoe et al., 2013).     
 These previous results prompted the investigation of the interactions among all major 
proteins involved in xyloglucan biosynthesis using three independent but complementary 
approaches, bimolecular fluorescence complementation (BiFC) combined with fluorescence 
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quantification by flow cytomtery, co-immunoprecipitation and in vitro pull down assay to 
shed light on their organization during xyloglucan biosynthesis in Arabidopsis Golgi. This 
dissertation presents results of this investigation.
 Currently, no plant polysaccharide synthesizing GT has been structurally and 
mechanistically characterized. Most available information was obtained from the studies of 
GTs involved in glycosylation of proteins in mammalian cells. According to available 
structures and sequence based predictions, all GTs can be divided into two major structural 
folds designated as GT-A and GT-B. GT-A fold proteins have two abutting β/α/β Rossmanns 
domains  and GT-B fold proteins have two β/α/β Rossmann domains facing each other to 
form a cleft structure.  
The DXD (Asp-X-Asp) amino acid motif is a signature of many GTs, the function of 
which is to coordinate with a divalent cation and stabilize nucleotide sugar binding (Lairson 
et al., 2008). However, not all DXD motifs are involved in GT enzymatic activity, and even if 
some DXD motifs do affect GT’s enzymatic activity, the roles of those DXD motifs vary in 
different GTs depending on their high specificities toward donor and acceptor molecules. 
Recently in our laboratory using homology modeling (Krieger et al., 2002) and sequence 
alignment (Clustalw), two DXD motifs (DWD and DSD) and a histidine (H) residue were 
predicted to be involved in catalytic activity of XXT2 and XXT5. DWD is localized close to 
the predicted stem region of proteins, DSD is predicted as a putative catalytic site to 
coordinate with Mn2+, and this H residue is most likely involved in UDP-xylose binding. In 
this dissertation, site-directed mutagenesis studies were performed to investigate the roles of 
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these predicted residues in vivo and reveal the effect of their mutation on the functioning of 
XXT2 and XXT5 in Arabidopsis plants. 
Research Objectives 
 This dissertation had four objectives and addressed two main questions of xyloglucan 
biosynthesis. The overall objectives of this study were to 1) elucidate the functional 
organization of known xyloglucan biosynthetic enzymes (objective 1-3), and 2) to confirm 
the importance of DXD motifs and H residue for  XXT2 and XXT5 functioning in vivo 
(objective 4).  
Objective 1 (Chapter 3):  
 The purpose of this objective was to reveal protein-protein interactions among XXT1, 
XXT2, XXT5 and CSLC4 using Bimolecular fluorescence complementation (BiFC) 
combined with fluorescence quantification by flow cytometry, co-immunoprecipitation and 
in vitro pull down assay. 
Objective 2 (Chapter 4):  
 This objective sought to reveal protein-protein interactions among XXT1, XXT2, 
XXT5, XLT2, MUR3, FUT1 and CSLC4. In this objective, we extended the examination of 
protein-protein interactions among all known xyloglucan biosynthetic enzymes. Bimolecular 
fluorescence complementation (BiFC) combined with fluorescence quantification by using 
flow cytometry, co-immunoprecipitation and in vitro pull down assay were used to 
investigate this question.
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Objective 3 (Chapter 5):
 This objective was to create multiple complemented transgenic Arabidopsis lines 
expressing HA or YFP-tagged xyloglucan synthesizing proteins in the background of 
corresponding mutants and develop the protocol for immunoprecipitation of the putative 
xyloglucan synthesizing multiprotein complexes using the microsomes from those transgenic 
plants. After immunoprecipation experiments, proteomics analysis of pulled down proteins 
will be performed. 
Objective 4 (Chapter 6):
 This objective tested whether specific residues predicted to localize in catalytic site of 
XXTs (DWD, DSD, His) are required for xylosyltransferase activity in vivo using site-
directed mutagenesis and functional complementation assays. 
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CHAPTER 2
LITERATURE REVIEW
All plant cells are surrounded by the cell wall. The plant cell wall provides to plants a 
mechanical strength supporting their stature and plays important roles in plant growth and 
development, including maintenance of cytoplasmic turgor, control of cell volume and 
growth direction, regulation of protein and ion transport, defense responses against plant 
pathogens, signal transduction, and storage of carbohydrates and calcium ions. Besides the 
important roles for the plant itself, the cell wall is the largest source of renewable 
carbohydrates on the earth providing humans with wood, fiber, biomaterials and biofuels. In 
order to further understand the cell wall physiological functions and expand cell wall 
applications through engineering the biomass with improved properties, knowledge of cell 
wall structure and biosynthesis becomes the fundamental cornerstone for basic research and 
biotechnology.     
Two types of cell walls
The plant cell wall  is a well-organized, dynamic and intricate complex composed of  
different types of polysaccharides, glycoproteins and lignin (O'Neill and York, 2003). The 
major groups of polysaccharides are cellulose, which is the predominant component in all 
plants, hemicelluloses, and pectins. The distribution of different types of polysaccharides 
varies depending on the cell type, tissues or organ, and plant species (dicot or monocot). 
Generally, plant cell walls can be divided into two categories, primary cell wall and 
secondary cell wall, which differ in their composition, organization  and the type of cells they 
surround. The primary cell wall surrounds all growing cells and has thin, flexible and 
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extensible properties. Cellulose, hemicellulose (xyloglucan), pectins are the major 
constituents in most of primary cell walls (Cosgrove, 2005). In contrast, the secondary cell 
wall is a thickened and rigid complex that surrounds the cells of plant vessel elements or 
fiber and contributes mainly to mechanical properties of those specialized tissues. The 
secondary cell wall consists of cellulose, hemicellulose (xylan), small amounts of pectins and 
significant amounts of lignin (Cosgrove and Jarvis, 2012). During the cell differentiation, the 
primary cell wall is deposited in the form of the layers between the plasma membrane and the 
middle lamella formed during cell division (Fig. 1) (Achyuthan et al., 2010). At the end of  
the differentiation process when the secondary cell wall gets deposited to the inner surface of 
the cell wall pushing the primary cell wall further from the plasma membrane. Therefore, 
cells at different differentiation stages have distinct cell wall compositions which implies that 
cell walls are a dynamic and complex strutures (Keegstra, 2010). It is important to point out 
that whereas all plant cells have primary cell walls, not all cell types form secondary cell 
walls. Usually secondary cell wall is deposited in specialized tissues which require 
mechanical strength.  
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Figure 1. Model of the plant cell wall
	   Cell wall polysaccharide composition and biosynthesis
Cellulose
 Cellulose is the most abundant  component found in all plant cell walls. It consists of 
linear β-(1,4) linked glucan chains synthesized on a plasma membrane. The synthesized 
glucan chains interact with each other via hydrogen bonds to form a crystalline microfibril 
(Somerville, 2006). The crystalline microfibrils aggregate into bundles which are highly 
insoluble and serve the load-bearing structure in cell wall.  Cellulose is synthesized by 
cellulose synthases (CESAs) (Pear et al., 1996). This group of proteins belongs to GT2 
protein family in the CAZy database. CESAs are plasma membrane embedded 
glycosyltransferases with eight transmembrane domains which form the multiprotein 
complexes with the rosette-like structure, so-called “rosette complexes” (Doblin et al., 2002). 
So far, the understanding of cellulose biosynthesis is a most advanced polysaccharide 
biosynthetic process due to a long history of studies of synthase complexes since they were 
revealed 30 years ago (Delmer, 1987). The rosette complexes, which are large multiprotein 
complexes, contain at least three types of CESA isoenzymes which can synthesize either 
primary or secondary cell wall depending on type of CESA present. In addition to CESAs, an 
endo-β-(1,4) glucanase, KORRIGAN1 (KOR1) has been identified as a part of the cellulose 
synthase complexes (Nicol et al.,1998 and Vain et al., 2014). Recently, a crystal structure of 
cellulose synthase from Rhodobacter sphaeroides was resolved (Morgan et al., 2012). A good 
agreement between the crystal structure resolved for bacterial cellulose synthase and the 
structure of cotton CESA1 predicted via computational simulations using bacterial cellulose 
synthase as a template allowed sheding the light on the mechanism of glucan chain 
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biosynthesis in plants (Sethaphong et al., 2013; Slabaugh et al., 2014). Using the cellulose 
synthase structure it was shown that the substrate UDP-glucose is docked into a catalytic 
pocket near the cytosolic side of plasma membrane. Then, the glucose residue is transferred 
onto the glucan chain acceptor that elongated within transmembrane domain of cellulose 
synthase. Six out of the eight transmembrane helices form a narrow transmembrane channel 
tightly interacting with ten glucose residues of the glucan chain to facilitate the translocation 
of the glucan chain across the plasma membrane (Morgan et al., 2012). 
Pectins
 Pectin is another major component in primary cell walls of dicotyledons and 
nongraminaceous monocotyledons and is particularly abundant in some fruits. There are 
three major pectic polysaccharides which constitute the big, highly branched and 
heterologous pectin molecule: Homogalacturonan (HG), Rhamnogalacturonan I (RG-I) and 
rhamnogalacturonan II (RG-II). 
 The study of pectin biosynthesis is a challenge because of the complexity and 
diversity of glycosidic linkages and monosaccharide composition. In Arabidopsis, only few  
glycosyltransferases have been identified and shown to be involved in HG, RG-I and RG-II 
biosynthesis. These include GalATs and MethylT in HG; α-(1,5)-AraT and β-(1,4)-GalT in 
RG-I; α-(1,3)-XylT in RG-II (Egelund et al., 2006; Harholt et al., 2006; Krupková et al., 
2007; Atmodjo et al., 2011; Liu et al., 2011; Liwanag et al., 2012). 
 The functional organization of two HG related glycosyltransferases, GAUT1 and 
GAUT7, and two putative RG-I related glycosyltransferases, ARAD1 and ARAD2 have been 
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studied. Atmodjo et al (2011) demonstrated that GAUT1 and GAUT7, function as a protein 
complex. While the catalytic activity of GAUT1 has been shown in vitro, the GAUT7 does 
not have enzymatic activity. In plant Golgi, the retaining of GAUT1 requires its association 
with GAUT7 to form the (GAUT1)2:GAUT7 complex (Atmodjo et al., 2011). It was 
proposed that GAUT7, a homolog of GAUT1, functions as a structural anchor rather than an 
enzyme.
 Other two proteins involved in the synthesis of pectic arabinan in RG-I structure, 
ARAD1 and ARAD2, have been demonstrated using Bimolecular fluorescence 
complementation, Forster resonance energy transfer and non-reducing gel electrophoresis to 
have the protein-protein interaction (Harholt et al 2012). 
Hemicelluloses
 The branched polysaccharides, which have the backbones formed from either 
glucose, xylose or mannose linked through β-(1,4)- glycosidic bonds, constitute the big group 
of matrix polysaccharides named hemicelluloses and usually interact with cellulosic 
microfibrils within cell wall structure. Based on this definition, xyloglucan, xylans, mannans, 
glucomannans and β-(1,3;1,4) glucan are the main polysaccharides in hemicellulose group. 
The distribution of different hemicelluloses vary in primary and secondary cell walls, in 
different plant tissues as well as in various plant species. 
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A. Xylan
 Xylans are a major hemicellulosic component in flowering plants’ secondary cell 
walls and also a major polysaccharide in primary cell walls of grasses. Xylans have a  β-(1,4) 
xylose backbone structure substituted mainly with monomeric side chains composed of either 
arabinose, glucuronide, Me-glucuronide, galactose or O-acetyl groups (Rennie and Scheller, 
2014). 
 Several xylan biosynthetic glycosyltransferases have been identified in Arabidopsis 
and crops. Generally, at least three major groups of glycosyltransferases are required for 
xylan biosynthesis. These glycosyltransferases contain 1) the xylosyltransferases (XylT), 
including IRX9, IRX14 and IRX10 (Lee et al., 2007; Lee et al., 2012; Jensen et al., 2014; 
Ren et al., 2014); 2) the arabinosyltransferases (AraT), TaGT61a (Anders et al., 2012), which 
are typical for grasses, and 3) the glucuronosyltransferases (GlcAT), GUX1, GUX2 and 
GUX3 (Mortimer et al., 2010). In addition, methyltransferases (Lee et al., 2012) and 
acetyltransferases (Yuan et al., 2013) are required for xylan modifications. Zeng et al has 
proposed that in wheat three proteins, TaGT43-4, TaGT47-13 and TaGT75-4 are involved in 
glucuronoarabinoxylans biosynthesis and those proteins function in a protein complex (Zeng 
et al., 2010). In contrast, Arabidopsis xylan xylosyltransferases IRX9L, IRX14L and 
IRX10L did not show protein-protein interactions when studied by recently proposed Renilla 
luciferase protein complementation assay (Lund et al., 2014). 
B. Mannans and Glucomannans
β-(1,4)-linked mannose was found in green algae, Charophyceae. The backbones of manann 
related polysaccharides may be composed of mannose only (mannans and galactomannans) 
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or of the sequence of mannose and glucose in a nonrepeating pattern as in glucomannans and 
galactoglucomannans. In gymnosperms, galactoglucomannans are a major component in the 
secondary cell walls (Ebringerova et al, 2005). In Arabidopsis, Goubet et al 2003 
demonstrated that the lack of mannan in seeds results in lethality, indicating that mannan 
plays essential roles in Arabidopsis seed development. Liepman et al (2007) demonstrated 
that the proteins belonged to cellulose synthase like-A (CSLA) family are involved in 
mannan and glucomannan biosynthesis. To demonstrate this, the authors used in vitro 
enzymatic assay for CSLA9 protein heterologously expressed in insect cells. 
C. β-(1,3;1,4) glucan
Grasses have another type of hemicellulosic polysaccahrides, β-(1,3;1,4) glucans (MLG) 
which were not found in dicots, so far. The structure of MLG typically represent the β-(1,4)-
linked glucan short oligosaccharides (3 up to 6 glucoses) joined via β-(1,3) linkages. It was 
demonstrated that the proteins from the families CSLF and CSLH are involved in the 
synthesis of MLG, however their organization in Golgi and mechanism of mixed glucan 
synthesis is yet to be understood (Burton et al, 2006 and Doblin et al 2009). 
D. xyloglucan 
 Xyloglucan is the most abundant hemicellulose in the primary cell wall and found in 
almost all land plant species. The basic structure of Arabidopsis xyloglucan is shown in 
figure 2, while some variations in the side chain composition of xyloglucans present in the 
cell walls of different species were demonstrated (Hoffman et al., 2005; Pena et al., 2008; 
Hsieh and Harris, 2009). 
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Figure 2. Arabidopsis xyloglucan subunit 
structure and biosynthetic enzymes
 Xyloglucan is made of repetitive sequence of subunits, where the β-(1,4)-glucan 
backbone is decorated with the other mono-, di- and trisaccharides forming the branched 
structure. The one-letter nomenclature is used to denote the different side chains in 
xyloglucan structural subunits, which is shown in Table 1. 
Table 1 The nomenclature of xyloglucan side chain.
Code 
letter
Structure Reference
G β-D-Glcp (Fry, 2004)
X α-D-Xylp-(1,6)-β-D-Glcp (Fry 1993)
L β-D-Galp-(1,2)-α-D-Xylp-(1,6)-β-D-Glcp (Fry 1993)
F α-D-Fucp-(1,2) β-D-Galp-(1,2)-α-D-Xylp-(1,6)-β-D-Glcp (Fry 1993)
A α-D-Xylp-(1,6)-   β-D-Glcp
α-L-Arap-(1,2)-
(Fry 1993)
S β-L-Arap-(1,2)-α-D-Xylp-(1,6)-β-D-Glcp (Fry 1993)
U α-D-Xylp-(1,2)-α-D-Xylp-(1,6)-β-D-Glcp (Hoffman et al 1995)
J β-D-Galp-(1,2)- β-D-Galp-(1,2)-α-D-Xylp-(1,6)-β-D-Glcp (Hantus et al., 1997)
T β-L-Arap-(1,3)-β-L-Arap-(1,2)-α-D-Xylp-(1,6)-β-D-Glcp (York et al., 1996)
P β-D-GalpA-(1,2)-  α-D-Xylp on X side chain
β-D-Galp-(1,4)-   
(Pena et al 2008)
Q β-D-Galp-(1,4)-β-D-GalpA on P side chain (Pena et al 2008)
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Code 
letter
Structure Reference
M β-L-Arap-(1,2)-     α-D-Xylp on X side chain
β-D-Galp-(1,4)-   
(Pena et al 2008)
N β-D-Galp-(1,6)-β-D-Galp on M side chain (Pena et al 2008)
(Table continued from previous page)
 Different types of xyloglucan subunits can be found in different plant species and 
different tissues. The major vascular seed-bearing plant families synthesize XXXG-type 
xyloglucan, but few grasses and some lamiids have XXGG- and XXGGG-type xyloglucan. 
The predominant XXXG-type xyloglucan contains XXXG, XXFG, XXLG, XLLG, XLFG 
subunits. The proportion of different subunits in xyloglucan varies depending on the tissue 
type and the developmental stage (Pauly et al., 2001; Obel et al., 2009). In addition, the 
acetylated Gal residue in XXFG, XXLG, XLLG and XLFG subunits were found in 
Arabidopsis and sycamore xyloglucan (Gille et al., 2011).  
 In Arabidopsis, a glucan synthase (CSLC4) (Cocuron et al., 2007), three major 
xylosyltransferases (XXT1, XXT2 and XXT5) form “X” type disaccharides side chain (Faik 
et al., 2002; Cavalier and Keegstra, 2006; Zabotina et al., 2008), two galactosyltransferases 
(XLT2 and MUR3) galatosylate the second and third xylosyl residue in XXXG-type subunit 
(Madson et al., 2003; Jensen et al., 2012), a fucosyltransferas (FUT1) forms “F” side to have 
XLFG-type subunit (Perrin et al., 1999). In addition, two acetyltransferases (AXY4 and 
AXY4L) have been identified and demonstrated to be involved in xyloglucan biosynthesis 
(Gille et al., 2011).
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Functional organization of Glycosyltransferases
 Complex formation is an important regulatory mechanism to control protein functions 
in cells such as transcription machinery, signal perception and signal transduction etc.. This 
notion was also proposed for glycosyltransferases involved in protein glycosylation (Oikawa 
et al., 2013).  The advantage of protein complex formation is an increase in fidelity and 
efficiency of glycan biosynthesis. First, functional complex formation can minimize the 
intervention of other enzymes or proteins  to maintain protein functional fidelity. Second, 
because glycosyltransferases have high specificities toward substrate and acceptor, formation 
of complex can reduce the number of acceptor recognition events because the acceptors can 
pass through the next enzyme’s catalytic center to continue glycosylation processing 
(Hassinen and Kellokumpu, 2014) . In mammals, numerous studies of Golgi localized 
glycosyltransferases have reported formation of protein complexes among those 
glycosyltransferases. For example, Exostosin (EXT) 1 and 2 are Golgi localized proteins 
which involved in chain elongation of heparan sulfate. Single EXT1 and EXT2 are present in 
endoplasmic reticulum (ER). When two proteins were co-expressed in sog9 cells, they 
migrated to Golgi forming homo- and heterocomplexes, and the heterocomplex showed an 
enzymatic activity (McCormick et al., 2000). It was demonstrated that two N-
acetylglucosaminyltransferases, GnT-I and GnT-II form heterocomplex in medial Golgi, 
while GalT (galactosyltransferase) and SiaT (sialyltransferase) form heterocomplex in trans-
Golgi (Hassinen et al., 2010). Those results indicate the N-glycan modifications depend on 
the distinct spatial localization of multienzyme complexes. In plants, cell wall related 
glycosyltransferases showed abilities to form dimer or trimer complexes (Zeng et al., 2010, 
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Atmodjo et al., 2011,  Harholt et al 2012  and Lund et al., 2014). This suggested that cell wall 
polysaccharide biosynthesis involves protein complex formation process. However, the 
structures of cell wall polysaccharides and glycans in glycoproteins are different; cell wall 
polysaccharides are larger and more complex structures usually with uniformed backbone. 
Two potential mechanistic models were proposed for polysaccharide biosynthesis, so far: the 
consecutive synthesis model and the domain synthesis model (Atmodjo et al 2013). In 
consecutive model, polysaccharides are synthesized consecutively by different 
glysocylstransferases. The other one is proposed that glycosyltransferases synthesize 
different oligosaccharide domains and then different domains are ligated to form the whole 
structure polysaccharides. Xyloglucan is the most well-studied cell wall polysaccharid 
besides cellulose. The seven identified glycosyltransferases which can potentially synthesize 
a complete structure of xyloglucan present a great opportunity to understand the principles of 
xyloglucan biosynthesis and organisation of enzymes involved. 
Polysaccharide synthesizing Glycosyltransferases
 Glycosyltransferases are the most abundant and important group of enzymes that 
catalyze a monosaccharide transfer from a nucleotide sugar to the oligosaccharide acceptor to 
synthesize cell wall polysaccharides with high specificity towards donor and acceptor 
molecules. Based on the amino acid homology sequences, 94 GT families are predicted to be 
involved in carbohydrate synthesis and modification, and they are all annotated in 
Carbohydrate-Active enzyme (CAZy) database (http://www.cazy.org). The few structures of 
nucleotide sugar dependent glycosyltransferase, which have been solved so far, showed that 
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glycosyltransferases typically have Rossmann fold and can be grouped into two general folds 
called GT-A and GT-B. Recently, a new GT-C fold has been proposed, but the conclusive and 
defined structural features are still to be clarified. The structure of GT-A fold proteins have 
two abutting β/α/β Rossmann domains, which are typical for nucleotide binding proteins. The 
close distance between these two domains lead to form a continuous central β-sheet, that is 
why some researchers consider the proteins with GT-A fold as composed of a single 
Rossmann domain. The topology of eukaryotic GT-A proteins usually have a short N-
terminal cytoplasmic domain followed by a single transmembrane helix and a stem region 
that connects to the globular catalytic domain (Lairson et al., 2008). Although the cellulose 
synthase like (CSL) proteins are large hydrophobic integral membrane proteins with different 
GT-A topology, their catalytic domain adopts GT-A fold features as it was revealed from the 
structure solved for bacterial cellulose synthase (Morgan et al., 2012). Most of GT-A fold 
enzymes possess an Asp-X-Asp (DXD) signature motif (Pak et al., 2006), where the 
carboxylates of Asp residues coordinate a divalent cation that is important for catalytic 
activity of most glycosyltransferases. Similarly to proteins with GT-A fold, the proteins with 
GT-B fold have two β/α/β Rossmann domains, but the two domains are less tightly associated 
and face each other, which results in the conformation where a catalytic site is localized 
within a cleft structure formed between two domains (Campbell et al., 2000). 
 Glycosyltransferases are mechanistically classified into two groups: inverting and 
retaining glycosyltransferase. The classification is based on the similarity or difference in 
stereoisometry of glycosidic linkage present in the donor substrate and formed in the product. 
For example, XXT2 retains the α-conformation of the donor substrate UDP-α-D-xylose 
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forming the α-(1,6)-linkage between the xylose moiety and the glucan backbone, so XXT2 is 
a retaining glycosyltransferase. On the contrary, an inverting MUR3 inverts the linkage in 
UDP-α-galactose binding the galactose via β-(1,2)-linkage onto xylosyl residue in 
xyloglucan. 
 The inversion mechanism is a SN2-like reaction. An active side chain, usually a D 
residue in active site of enzyme, serves as a base catalyst that deprotonates the acceptor to 
facilitate the donor phosphate leaving group to be substituted with the acceptor. Meanwhile, 
the DXD motif coordinates with a divalent cation (Mn2+) which  participates in binding of 
nucleotide sugar to facilitate the breakage between sugar and nucleoside diphosphate 
(Lairson et al., 2008; Breton et al., 2012).  
 The retention mechanism is less clear than inversion reaction. A double-displacement 
mechanism involving a covalently bound glycosyl-enzyme intermediate has been proposed. 
The first displacement step is where the acceptor attacks the donor substrate leading to the 
formation of a covalently bound glycosyl-enzyme intermediate. In the second step, the 
intermediate is then attacked by acceptor which is deprotonated by phosphate leaving group. 
Both a divalent cation and DXD motif participate in stabilization of leaving phosphate group 
(Lairson et al., 2008; Breton et al., 2012). Both inversion and retention mechanisms 
described  above are the ion-dependent reactions. However, an ion-independent mechanism 
has also been found in the case of GT-B fold glysocyltransferases, where the divalent ion was 
replaced by a positive amino acid or helix dipole (Breton et al., 2012).  
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Abstract
Xyloglucan is the major hemicellulosic polysaccharide in the primary cell walls of 
most vascular dicotyledonous plants, and has important structural and physiological 
functions in plant growth and development. In Arabidopsis thaliana, the 1,4-β-glucan 
synthase, CSLC4, and three xylosyltransferases, XXT1, XXT2, and XXT5, act in Golgi to 
form the xylosylated glucan backbone during xyloglucan biosynthesis. However, the 
functional organization of these enzymes in the Golgi membrane is currently unknown. In 
this study, we used Bimolecular Fluorescence Complementation (BiFC) and in vitro pull-
down assays to investigate the supramolecular organization of the CSLC4, XXT1, XXT2 and 
XXT5 proteins in Arabidopsis protoplasts. Quantification of BiFC fluorescence by flow 
cytometry allowed us to perform competition assays which demonstrated the high probability 
of protein-protein complex formation in vivo and revealed differences in the abilities of these 
proteins to form multiprotein complexes. Results of in vitro pull-down assays using 
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1	  Gennady Pogorelko contributed to in vitro pull down assay. 
recombinant proteins confirmed that the physical interactions among XXTs occur through 
their catalytic domains. Additionally, co-immunoprecipitation of XXT2YFP and XXT5HA 
proteins from Arabidopsis protoplasts indicated that while the formation of the XXT2-XXT2 
homo-complex involves disulfide bonds, the formation of the XXT2 -XXT5 hetero-complex 
does not involve covalent interactions. The combined data allow us to propose that the 
proteins involved in xyloglucan biosynthesis function in a multiprotein complex composed of 
at least two homo-complexes, CSLC4-CSLC4 and XXT2 –XXT2, and three hetero-
complexes, XXT2-XXT5, XXT1-XXT2, and XXT5-CSLC4. 
Introduction
The major structural components of plant cell walls are polysaccharide networks 
composed of pectins, hemicelluloses and cellulose. The precise arrangement and composition 
of these components exert important influences on plant growth and development.  
Moreover, understanding (and possibly manipulating) cell wall formation and structure is key 
for industrial applications such as production of biofuels and biomaterials. In dicotyledons 
and non-graminaceous monocotyledons, xyloglucan (XyG) is the major hemicellulosic 
polysaccharide (Scheller and Ulvskov, 2010). XyG has a backbone made of β-1,4-linked 
glucosyl residues and is branched, with short side chains made of xylose, galactose and 
fucose. For example, in Arabidopsis, the basic repeating XyG subunit is XXXG, which is 
composed of a β-1,4-glucan, where three of four glucosyl residues are linked to α-D-xylosyl 
residues at the O-6 position. These basic XXXG repeating subunits can be further substituted 
at the O-2 positions of the xylosyl residues by either a β-D-galactosyl residue (L) or a dimer, 
29
α-L-fucosyl-(1,2)-	  α-D-galactosyl (F), forming XXLG, XLLG and XLFG subunits, 
respectively (Fry et al. , 1993). 
All polysaccharides in plants, except cellulose and callose, are assembled by Golgi 
membrane-bound glycan synthases and glycosyltransferases (Keegstra and Raikhel, 2001) 
from various nucleotide diphosphate (NDP)-sugars synthesized mainly in the cytosol (Reyes 
and Orellana, 2008). Glycosyltransferases transfer sugar residues from an NDP-sugar onto 
the polysaccharide backbone, such as glucan in XyG. Most glycosyltransferases are localized 
in the Golgi membrane and have a type II membrane protein topology (Perrin et al., 2001) 
with a short N-terminal fragment most likely protruding into the cytosol, one helical 
transmembrane domain, and a catalytic domain containing a DXD motif, which is attached to 
a flexible stem region; both the catalytic domain and the stem region are localized in the 
Golgi lumen (Albersheim et al., 2010). These glycosyltransferases are highly specific; it is 
postulated that a distinct enzyme is required to create each type of linkage (Keegstra and 
Raikhel, 2001). The other Golgi-resident enzymes involved in polysaccharide biosynthesis are 
glycan synthases belonging to the cellulose synthase-like (CSL) superfamily. Like cellulose 
synthases, CSLs have several transmembrane domains and the catalytic domain synthesizing 
glycan polymeric chains, which is predicted to have the D,D,D,Q/RXXRW motif  (Saxena et 
al., 1995; Charnock et al., 2001; Doblin et al., 2002).
 It has been proposed that glycosyltransferases form multienzyme complexes to 
synthesize complex polysaccharide structures (Keegstra, 2010). Recently, several pieces of 
evidence supporting this hypothesis have emerged. First, several putative protein complexes 
involved in polysaccharide biosynthesis have been identified. Using a wheat microsomal 
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fraction and a co-immunoprecipitation approach, Zeng et al. (2010) demonstrated that three 
Golgi-resident glycosyltransferases, members of the GT43, GT47, and GT75 families, are 
involved in arabinoxylan biosynthesis and can be co-immunoprecipitated with antibodies 
specific to GT43. Atmojo et al. (2011) reported that GAUT1, a galacturonosyltransferase 
involved in pectin biosynthesis, interacts with another homologous protein, GAUT7, forming 
an active multiprotein complex localized in the Golgi membrane. Two other putative 
glycosyltransferases involved in pectin biosynthesis, ARAD1 and ARAD2, were shown to 
form homo-and hetero-complexes in Golgi when transiently co-expressed in N. benthamiana 
(Sakuragi et al., 2010; Harholt et al., 2012). In yeast, Stolz and Munro (2002) demonstrated 
that several mannosyltransferases involved in cell wall mannan synthesis form two types of 
protein complexes, M-Pol I and II. 
The second line of evidence supporting the involvement of multiprotein complexes in 
glycan biosynthesis is the finding that glycosyltransferases either tend to form or are even 
required to form homo- and hetero-oligomers or complexes in order to be targeted to and 
retained in the Golgi. Moreover, some glycosyltransferases function as homo- or hetero-
oligomers rather than in monomeric form (McCormick et al., 2000; Meer, 2000; Hassinen et 
al., 2010). For example, for cellulose biosynthesis, CESAs must form homo- and 
heterodimers organized into a rosette-like multi-subunit complex (Taylor et al., 2003; Kurek 
et al., 2002; Desprez et al., 2007; Carpita, 2011). Studying CSLC4, Cocuron et al. (2007) 
demonstrated that co-expression of XXT1 and CSLC4 in Pichia cells increases the length of 
the synthesized glucan polymer more than expression of CSLC4 alone, despite the fact that 
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the glucan chain cannot be xylosylated because yeast do not produce UDP-Xyl. It was 
proposed that XXT1 may assist CSLC4 function through protein-protein interactions. 
In Arabidopsis, at least seven enzymes are involved in XyG biosynthesis: a β-glucan 
synthase, CSLC4 (Cocuron et al., 2007), three α-1,6-xylosyltransferases, XXT1, XXT2 and 
XXT5 (Cavalier and Keegstra, 2006; Cavalier et al., 2008; Zabotina et al., 2008), two β-1,2-
galactosyltransferases, MUR3 (Madson et al., 2003) and XTLT2 (Jensen et al., 2012), and an 
α-fucosyltransferase, FUT1 (Perrin et al., 1999; Vanzin et al., 2002). Although the structure 
of XyG is well characterized and most of the enzymes involved in XyG biosynthesis have 
been identified, knowledge about the mechanism of XyG biosynthesis is still limited. 
 In order to understand the function of Arabidopsis XyG synthesizing enzymes, we 
first investigated complex formation in vivo and potential physical interactions among three 
xylosyltransferases, XXT1, XXT2, XXT5, and a glucan synthase, CSLC4. We used two 
independent approaches: (i) Bimolecular Fluorescence Complementation (BiFC) assays in 
Arabidopsis protoplasts, visualizing the signal by fluorescence microscopy and quantifying 
its intensity by flow cytometry and (ii) in vitro pull-down assays using recombinant proteins 
expressed in E. coli. Here we report results that for the first time directly demonstrate 
protein-protein complex formation among the xylosyltransferases and glucan synthase in the 
Golgi membrane in Arabidopsis thaliana cells.
Results
To study the in vivo co-localization of glycosyltransferases involved in xyloglucan 
biosynthesis into putative protein-protein complexes, we conducted Bimolecular 
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Fluorescence Complementation (BiFC) assays using proteins transiently expressed in 
Arabidopsis protoplasts (Hu et al., 2002). For the assay, we made two constructs for each 
enzyme (three xyloglucan xylosyltransferases, XXT1, XXT2, XXT5, and for glucan 
synthase, CSLC4); each enzyme was fused to either the N- or C-terminal fragment of YFP 
(N-YFP and C-YFP) in the pSAT vectors (Citovsky et al., 2008) to form NC and CC forms, 
respectively (Fig. 1A). We fused the YFP fragment to the N-terminus of the enzyme for all 
proteins, presuming that the short cytosolic N-terminus is less likely to affect YFP 
reconstruction than the big bulky transferase catalytic domain at the C-terminus. 
Figure 1. Plasmid constructs used for BiFC. (A) Each gene was cloned into the pSAT vector with the 
N- or C-terminal fragment of YFP (N-YFP and C-YFP), HA-tagged vector and full-length YFP-
tagged vector. Genes were fused to the C-terminus of each YFP fragment (GTNC and GTCC), full-
length YFP tag (GTYFP), and HA tag (GTHA). One additional construct was made that fused C-
terminal fragments of YFP to the C-terminus of CSLC4 (GTCN). (B) The truncated versions of the 
xylosyltransferases with His, HA, or Myc tags cloned into the pET-15b backbone vector.  (C) Two 
expression cassettes, GTNC and GTCC, were cloned into the co-expression vector (pPZP2N5C).
BiFC assays in Arabidopsis protoplasts 
BiFC constructs for each pair of xylosyltransferases, XXT1-XXT2, XXT1-XXT5 and 
XXT2-XXT5, were transiently co-expressed in Arabidopsis protoplasts using polyethylene 
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glycol method (Jin et al., 2001), and the signal from reconstituted YFP was examined by 
fluorescence microscopy. All three pairs of XXTs show detectable fluorescence, which forms 
punctuate structures (Fig. 2A, E, F). Xylosyltransferases are predicted to localize to Golgi; to 
test the localization of the expressed fusion proteins, Golgi were visualized using the marker 
G-CK (Nelson et al., 2007), which is composed of cyan fluorescent protein (CFP) fused with 
a Golgi membrane signal peptide. The protoplasts were co-transfected with three constructs 
simultaneously, XXT2NC, XXT5CC, and G-CK, and examined by fluorescence microscopy 
(Fig. 2B). The merged image (Fig. 2C) confirms co-localization of the punctuate YFP signal 
from the BiFC pair and the CFP signal marking the Golgi. 
Three different negative controls confirmed that the observed BiFC signals result 
from specific protein-protein co-localization of glycosyltransferases and not from incidental 
non-specific YFP reconstitution. The first negative control was co-expression of two BiFC 
constructs where the two YFP complementary fragments were fused to the opposite termini 
of the two glycosyltransferases: one YFP fragment was fused to the N-terminus of XXT2 and 
the other YFP fragment was fused to the C-terminus of XXT5. Another negative control was 
a transfection of protoplasts with two BiFC constructs, one of which carried an XXT protein 
fused with one YFP fragment and another construct that carried only the complementary 
YFP fragment without a fused protein. As a third negative control, we chose an Arabidopsis 
class I α-mannosidase (MNS1), which is a type II membrane protein with hydrolytic activity 
and is involved in protein glycosylation in Golgi (Liebminger et al., 2009).  MNS1 fused 
with YFP fragment was co-expressed with each of the XXT and CSLC4 proteins fused with 
the complementary YFP fragment. For all negative controls, we did not observe any BiFC 
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signal by fluorescence microscopy (Fig. 2M-P). The BiFC results confirm that XXT1, XXT2 
and XXT5 have the same topology, with their N-termini on the same side of the Golgi 
membrane forming hetero-complexes and that the YFP complementary fragments fused to 
the N-termini of XXTs do not affect their localization. To confirm whether the fusion 
proteins used in BiFC assays preserved their functions in vivo, XXT5NC and XXT2CC were 
constitutively co-expressed in Arabidopsis xxt2 xxt5 double mutant plants. The observed 
complementation of the mutant root hair phenotype (Supplemental Fig. S4) suggests that 
XXT5NC and XXT2CC are functional proteins localized in the Golgi.
Figure2. 
Fluorescence images of BiFC signal for homo- and heterodimers in Arabidopsis protoplasts. (A)-(D) 
Arabidopsis root protoplasts co-expressing: XXT2NC and XXT5CC (A), and Golgi marker G-CK 
(B); (C) merged image of (A) and (B) to confirm BiFC signal localization in Golgi; (D) bright field 
image of the same protoplast. (E)-(L) Arabidopsis leaf protoplasts co-expressing: (E) XXT1CC and 
XXT2NC; (F) XXT1NC and XXT5CC; (G) CSLC4NC and XXT1CC; (H) CSLC4NC and XXT5CC; 
(I) XXT2NC and XXT2CC; (J) XXT5NC and XXT5CC; (K) CSLC4NC and CSLC4CC; (L) 
CSLC4NC and CSLC4CN; (M) XXT2NN and XXT5CC; (N) XXT2NC and MNS1CC; (O) 
XXT5CC and MNS1NC; (P) CSLC4CC and MNS1NC. Representative images from three 
independent experiments are shown here. Scale bar = 10 μm for all images.
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Fluorescence quantification by flow cytometry
 To evaluate the probability of complex formation, BiFC fluorescence intensities of 
XXT pairs co-expressed in Arabidopsis protoplasts were quantified by flow cytometry (Fig. 
3A, B). The combination of BiFC with flow cytometry provides a straightforward and 
sensitive estimation of the number of positive events (Morell et al., 2008). Fluorescence 
intensity was expressed as total fluorescence, which was calculated as the percent of 
fluorescent cells (events) multiplied by the mean fluorescence of each fluorescent cell (Li et 
al., 2010). Both values were measured by flow cytometry, where the number of events is 
equal to the number of protoplasts in the P3 area (Fig. 3A) and the mean fluorescence is the 
average fluorescence intensity of these protoplasts. The results presented here are expressed 
as the fluorescence index, the ratio between the total fluorescence of transfected protoplasts 
and the total fluorescence of non-transfected protoplasts. Non-transfected protoplasts treated 
with PEG show a low level of fluorescence that was not visible by fluorescence microscopy 
but was detectable by flow cytometry (Fig. 3A). Therefore, to account for this background 
fluorescence, the fluorescence index of non-transfected protoplasts was set to 1.0. Two 
control experiments were performed to investigate dependence of the BiFC fluorescence 
signal on amount of plasmid used for the transfection and on the duration of protoplast 
incubation with plasmids (Supplemental Fig. S1A, B). From these experiments, the optimum 
conditions, 24 hours of incubation with 5 µg or 10 µg of plasmids, were chosen to ensure 
close to maximum intensity of fluorescence and to avoid overloading the cells with over-
expressed proteins.
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 Results of quantification by flow cytometry demonstrate that the XXT2NC and 
XXT5CC pair produced the strongest BiFC signal (Fig. 3B) with a fluorescence index of 
25.6 ± 1. The fluorescence index for the XXT1CC and XXT2NC pair was 16.8 ± 0.1, but 
for XXT1 and XXT5, it was significantly lower, 8.4 ± 1.4. The values of fluorescence 
indices for all negative controls were in the range from 1.5 ± 1.3 to 4.5 ± 1.2, which is close 
to the index for non-transfected protoplasts (Fig. 3B). 
It has been proposed (Cocuron et al., 2007) that xylosyltransferases can interact with 
the glucan synthase CSLC4 to xylosylate the glucan backbone during xyloglucan 
biosynthesis. To investigate this idea, we examined whether XXTs form hetero-complexes 
with CSLC4 in Arabidopsis protoplasts. The CSLC4NC plasmid was co-expressed with CC 
constructs for each XXT. Fluorescence of reconstituted YFP was observed by fluorescence 
microscopy (Fig. 2G, H) and measured by flow cytometry. The CSLC4-XXT5 pair showed 
the highest fluorescence index, significantly higher than the indices for the other two pairs, 
CSLC4-XXT2 and CSLC4-XXT1 (Fig. 4B). This suggests that all XXTs are co-localized in 
close proximity with CSLC4, and, most likely, XXT5 occupies the closest position to CLC4 
in comparison with other two XXTs.  
To examine whether XXTs and CSLC4 can form homo-complexes, Arabidopsis 
protoplasts were transfected with pairs of BiFC constructs that express the same protein 
fused with N-terminal and C-terminal YFP complementary fragments: XXT1NC and 
XXT1CC, XXT2NC and XXT2CC, XXT5NC and XXT5CC, CSLC4NC and CSLC4CC 
(Fig. 1A).  The signal was visualized by fluorescence microscopy (Fig. 2 I-L) and measured 
by flow cytometry (Fig. 4C). The results show high fluorescence signals for XXT2NC-
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XXT2CC and CSLC4NC-CSLC4CC pairs, confirming the high probability of homo-
complex formation in transfected protoplasts. In the case of the XXT5NC-XXT5CC pair, 
fluorescence is lower than with XXT2 and CSLC4, but it is high enough to suggest that 
XXT5 can also form homo-complexes. In contrast, co-expression of XXT1NC and XXT1CC 
constructs does not produce a detectable signal under the fluorescence microscope and 
measurement by flow cytometry also shows very low total fluorescence (Fig. 4C), suggesting 
that XXT1 is unable to form stable homo-complexes. 
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Figure 3. 
Heterodimerization of XXTs. (A) Flow cytometry quantification of BiFC signal. The plots show the 
results obtained after protoplasts were analyzed by flow cytometry. Negative control (non-transfected 
protoplasts) and positive control (XXT5YFP) used to determine gated area, P3, by the brightness of 
each protoplast (FL1-A). Each protoplast (a dot) localized in the P3 area represents a fluorescent 
event (example is shown for XXT2NC and XXT5CC co-expression). (B) BiFC signal intensities 
determined by flow cytometry for different XXT pairs and all negative controls. The calculation of 
Fluorescence index is described in "Experimental procedures”. Means ± SE. (*) – indicates 
significant differences (t-test, p< 0.05, n=5) among experiments, negative controls and non-
transfected protoplasts. (C) Estimation of protein expression in Arabidopsis protoplasts. The protein 
expression of GTNC constructs (all three XXTNC ~75 kDa, CSLC4NC ~ 99 kDa and MNS1NC 
~80kDa) was detected using monoclonal GFP antibody.
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CSLC4 has its N- and C-terminal regions localized in the cytosol (Davis et al., 2010); 
therefore, the formation of its homo-complex was tested using one CSLC4 fused with a YFP 
complementary fragment at the N-terminus and another CSLC4 with YFP at the C-terminus 
(CSLC4NC and CSLC4CN pair; Fig. 1A). The results show that in the CSLC4 homo-
complex, both N- and C-terminal regions are close enough to reconstitute YFP fragments 
fused to the opposite ends of two proteins (Fig. 4C). 
Immunoblot analyses of fusion protein expression
To clarify that the differences in fluorescence intensities reflect differences in the 
probability of forming a protein-protein complex and not differences in fusion protein 
expression in protoplasts, we tested protein levels by immunoblot analyses with anti-GFP 
monoclonal antibodies. Immunoblots were performed for each combination of expression 
constructs and no significant differences were observed in expression of proteins fused with 
the N-terminal YFP complementary fragment (Fig. 3C). However, the GFP monoclonal 
antibody recognizes an epitope that is close to the N-terminus of GFP and its derivatives, 
such as YFP and CFP; therefore, the monoclonal antibody cannot be used for 
immunodetection of proteins fused with the C-terminus of YFP. To overcome this problem, a 
co-expression plasmid pPZP2N5C containing both XXT2NC and XXT5CC expression 
cassettes was used (Fig. 1C) to minimize potentially unequal transfection efficiencies of 
separate BiFC plasmids (Fig. 4A). We found no differences in fluorescence indices between 
protoplasts transfected with either 10 µg of the co-expression plasmid and protoplasts 
transfected with 10 µg of each separate expression plasmid for XXT2NC and XXT5CC 
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(Supplemental Fig. S2). This demonstrates that XXT2NC and XXT5CC are expressed at 
similar levels when co-transfected either as separate constructs or as a co-expression plasmid, 
and therefore suggests that in the same protoplast, the expression levels of proteins fused 
with either the C-terminal or N-terminal YFP complementary fragments are comparable.
Figure 4. 
BiFC competition assays in Arabidopsis protoplasts quantified by flow cytometry. (A) BiFC competition assays 
among XXTs: co-expression of XXT2-XXT5 pair with XXT2HA (5 µg and 10 µg of DNA), or with XXT1HA 
(5 µg and 10 µg of DNA) (black bars); co-expression of XXT1-XXT2 pair with XXT1HA (5 µg and 10 µg of 
DNA) (gray bars); co-expression of XXT1-XXT5 with XXT2HA (white bars). (B) Co-expression of CSLC4NC 
with XXT1CC and XXT2CC (black bars); co-expression of CSLC4NC with XXT5CC and CSLC4NC-
XXT5CC pair with CSLC4HA (5 µg and 10 µg of DNA) (gray bars); (C) Homodimerization of XXTs and 
CSLC4. (D) BiFC competition assays among XXTs and CSLC4 dimer: XXT2-XXT2 pair was co-expressed 
with 10 µg plasmid DNA of XXT1HA or XXT5HA respectively (black bars). XXT5-XXT5 pair was co-
expressed with XXT2HA (gray bars). CSLC4-CSLC4 pair was co-expressed with 10 µg plasmid DNA of 
XXT2HA, XXT5HA and CSLC4HA (white bars).  Mean ± SE, T-test, p<0.05, n=5. (*) – indicates significant 
differences and ( ) – indicates non-significant differences among the bars having the same color.
Competition BiFC assays
To confirm that the observed BiFC signals are the result of protein-protein complex 
formation and not a consequence of incidental non-specific binding of two YFP 
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complementary fragments, BiFC competition assays were carried out in addition to the 
negative controls described above. Arabidopsis protoplasts were co-transfected with the 
pPZP2N5C plasmid harboring BiFC pair XXT2NC and XXT5CC together with different 
amounts of XXT2HA plasmid (5 μg and 10 μg of plasmid DNA) (Fig.1A). In all competition 
experiments described in this work, the expression levels of all co-expressed proteins were 
monitored by immunoblot analysis to ensure that the competing HA-tagged proteins and the 
YFP-tagged proteins were present in comparable amounts (Fig. 3C and Supplemental Fig. 
S3) so that the competing protein does not significantly exceed the amount of proteins fused 
with YFP fragments. Measurement of fluorescence signals by flow cytometry demonstrated a 
gradual reduction of the fluorescence index by 55% and 63% compared to control, as the 
amount of XXT2HA was increased (Fig. 4A). These results show that XXT2HA can compete 
with XXT2NC for a position close to XXT5CC, confirming that the origin of the observed 
BiFC signal is a protein-protein complex and not an incidental YFP reconstitution. The BiFC 
competition assay was also performed to confirm the protein-protein complexes formed 
between XXT2NC and XXT1CC. Different amounts of XXT1HA (5 μg and 10 μg) were co-
expressed with the XXT2NC and XXT1CC pair. As for the other interacting pair, there was a 
gradual reduction of XXT2NC-XXT1CC fluorescence as the amount of co-expressed 
XXT1HA was increased (Fig. 4A).    
 The same approach was used to further investigate the hetero-complexes among 
XXT1, XXT2 and XXT5. When XXT1HA was co-expressed with the XXT2NC and 
XXT5CC BiFC pair, the fluorescence signal did not change, indicating that XXT1HA cannot 
affect XXT2 - XXT5 complex formation (Fig. 4A). Co-expression of XXT2HA with the 
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XXT1CC and XXT5NC BiFC pair significantly depressed the total fluorescence signal (Fig. 
4A). Similarly, co-expression of XXT5HA with the XXT1NC and XXT2CC pair decreased 
the total fluorescence signal, although to a lesser extent than XXT2 depresses fluorescence of 
the XXT1-XXT5 pair (Fig. 4A). The results of these two experiments suggest that XXT2 and 
XXT5 have a stronger preference in close co-localization than XXT1 with XXT5 or even 
XXT1 with XXT2. 
The BiFC competition assay was also used to investigate protein complex formation 
among XXT2, XXT5 and CSLC4. Neither XXT5HA nor XXT1HA co-expressed with the 
XXT2NC-XXT2CC pair affected its fluorescence, but XXT2HA co-expressed with the 
XXT5NC-XXT5CC pair decreased its fluorescence intensity (Fig. 4D). Also, fluorescence of 
the CSLC4NC-CSLC4CC pair was not affected by co-expression of XXT5HA or by co-
expression of XXT2HA (Fig. 4D), but was depressed by co-expression of CSLC4HA. The 
latter confirms that the BiFC signal observed for the CSLC4-CSLC4 pair was due to protein-
protein homo-complex formation and not due to accidental YFP reconstruction. Similarly, co-
expression of CSLC4HA with the CSLC4NC and XXT5CC BiFC pair resulted in decreased 
fluorescence signal, supporting CSLC4-XXT5 hetero-complex formation (Fig. 4B).  
Co-immunoprecipitation of XXT2 and XXT5 from Arabidopsis protoplasts
To further our investigation of XXT2-XXT5 hetero-complex formation in vivo, the 
co-immunoprecipitation assay was performed using protoplasts prepared from Arabidopsis 
plants expressing XXT5HA (Zabotina et al, 2008) and transfected with the XXT2YFP 
construct to introduce tagged XXT2 protein. A total protein extract (prepared as described in 
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Materials and Methods) was applied to the anti-HA agarose column and the collected 
fractions were analyzed by SDS-PAGE under reducing and non-reducing conditions. The 
XXT2YFP and XXT5HA proteins were detected by Western blot. The results show that both 
proteins can be detected in the elution fraction (Fig. 5A) and not in the flow-through or 
washes. Under non-reducing conditions, XXT2YFP was detected in elution fraction as a 
monomer (~83 kDa) and also in a set of larger-sized bands (~166 kDa; ~250 kDa; ~300 
kDa); by contrast, XXT5HA was detected only in monomeric form (~53 kDa) under both 
reducing and non-reducing conditions.  To rule out the possibility of XXT2YFP non-
specifically interacting with anti-HA agarose, XXT2YFP was expressed in protoplasts 
prepared from wild type Arabidopsis plants and extracted proteins were applied to anti-HA 
agarose. XXT2YFP was detected only in the flow-through and first wash fractions but not in 
the elution fraction (Fig. 5B), confirming that XXT2YFP was retained on the column because 
of its interaction with XXT5HA and not because of a non-specific interaction with anti-HA 
agarose. The results obtained in reducing and non-reducing conditions suggest that formation 
of XXT2-XXT2 homo-complex most likely involves disulfide bonds, but the XXT2-XXT5 
hetero-complex is formed through non-covalent interactions. 
44
 Figure 5. 
Co-immunoprecipitation of XXT5HA and XXT2YFP from Arabidopsis protoplasts. XXT2YFP was transiently 
expressed in protoplasts prepared from XXT5HA-expressing plants. Total protein extracts from protoplasts 
treated with Triton X-100 were applied to anti-HA agarose column. The elution fractions were treated with or 
without β-mercaptoethanol (2-ME) SDS-PAGE under reducing and non-reducing conditions, respectively. 
Proteins were detected by either polyclonal anti-HA or monoclonal anti-GFP antibodies. (B) Negative control 
for immunoprecipitation of XXT5HA and XXT2YFP. Protein extract from WT protoplast transiently expressed 
XXT2YFP was applied to anti-HA agarose column. Different fractions included flow-through, wash fraction 
(W1 and W3) and elution were separated by SDS-PAGE and detected by monoclonal anti-GFP antibodies.
In vitro pull-down assays 
To confirm the formation of protein-protein complexes and investigate possible 
physical interactions among XXT proteins, in vitro pull-down assays were performed using 
recombinant proteins expressed in E. coli. To obtain soluble proteins, truncated XXT1, 
XXT2 and XXT5 mutant proteins, lacking their N-termini and transmembrane domains, were 
fused with HA, His and Myc tags, respectively (tGTtag, Fig. 1B), and expressed in E. coli 
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(BL21) under an inducible promoter in the pET-15b vector (www.novagen.com). The 
transmembrane domains of the XXTs were predicted using the program HMMTOP (http://
www.enzim.hu/hmmtop), and 45 amino acids (aa), 41 aa and 71 aa of coding sequences were 
truncated from the 5’-ends of XXT1, XXT2 and XXT5, respectively.  The proteins were 
designated with a “t” for truncated. The in vitro pull-down assays were performed two 
different ways: (i) two lysates prepared from cells expressing two different truncated proteins 
were mixed and then applied to an affinity column; (ii) one of the lysates was first applied to 
the affinity column, and after washing, the second lysate was applied to the same column. 
After washing, the proteins bound to the column were eluted and examined by 
immunoblotting with antibodies specific for the tag on each protein. Both assays showed 
very similar results; therefore, only results from variant (i) are presented here. 
After lysates from tXXT2His and tXXT5Myc expressing cells were applied to a Ni-
NTA affinity column, both tXXT2His (~50 kDa) and tXXT5Myc (~46 kDa) were detected in 
the elution fraction (Fig. 6A). When either tXXT2His or tXXT5Myc alone was applied to the 
Ni-NTA affinity column, only tXXT2His was detected in the elution fraction (Fig. 6A). 
Similarly, both tXXT1HA and tXXT2His could be pulled down and detected by both anti-
HA and anti-His antibodies when lysates from tXXT1HA (~48 kDa) and tXXT2His 
expressing cells were applied to the Ni-NTA column (Fig. 6B). When tXXT1HA was applied 
to the column alone, it was not detected in the elution fraction. We were unable to pull-down 
tXXT1HA and tXXT5His together; tXXT1HA was detected in the flow-through fraction and 
not in the elution fraction (Fig. 6C). These results are in agreement with the BiFC results, 
where very weak fluorescence was observed for the XXT1-XXT5 pair.  Next, the ability of 
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XXT2 and XXT5 to form homodimers was confirmed using a mixture of tXXT2His and 
tXXT2HA, and a mixture of tXXT5Myc and tXXT5His, respectively (Fig. 6D, E). By 
contrast, a pull-down assay using tXXT1HA and tXXT1His did not show an interaction (Fig. 
6F) confirming BiFC results demonstrating that XXT1 does not homodimerize.
To verify that the observed in vitro interactions among truncated XXTs were specific 
and not due to non-specific attraction between soluble truncated proteins, we performed pull-
down assays using the native full-length XXT5HA (~53 kDa) and tXXT2His proteins. Total 
protein extract from protoplasts prepared from XXT5HA expressing plants (Zabotina et al., 
2008) treated with detergent (as described in Material and Methods) was mixed with lysate 
from tXXT2His expressing E. coli. The mixture was applied either to a Ni-NTA affinity 
column or an anti-HA agarose column. Both XXT5HA and tXXT2His were detected in 
elution fractions obtained from either Ni-NTA or HA-columns (Fig. 6G).     
Since CSLC4 has six predicted transmembrane domains distributed through its 
protein sequence, it is not feasible to obtain this protein in soluble form. Therefore, in this 
study we were unable to perform pull-down experiments using CSLC4.  
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Figure 6. 
Interactions between XXTs confirmed by in vitro pull-down assay. (A) in vitro Ni-NTA pull-down assay for 
interaction between tXXT2His and tXXT5Myc. tXXT2His and tXXT5Myc lysates and a mixture of the two 
lysates were applied to Ni-NTA affinity columns. The elution fractions were detected by either anti-His or anti-
Myc antibodies. (*) indicates non-specific bound signal. (B) in vitro Ni-NTA pull-down assay for interaction of 
tXXT1HA and tXXT2His. tXXT1HA and tXXT2His lysate mixture was applied onto a Ni-NTA affinity 
column. The elution fractions were detected by either anti-His or anti-HA antibodies. (*) indicates non-specific 
bound signal. (C) in vitro Ni-NTA pull-down assay for interaction of tXXT1HA and tXXT5His. tXXT1HA and 
tXXT5His lysate mixture was applied onto a Ni-NTA affinity column. The elution fractions were detected by 
either anti-His or anti-HA antibodies. The flow-through fraction was detected by anti-HA antibodies to confirm 
the presence of non-bound tXXT1HA. (D) in vitro Ni-NTA pull-down assay for interactions between tXXT2His 
and tXXT2HA tXXT2His and tXXT2HA lysate mixture was applied onto a Ni-NTA affinity column. The 
elution fractions were detected by either anti-His or anti-HA antibodies. (E) in vitro Ni-NTA pull-down assay 
for interactions between tXXT5His and tXXT5Myc. tXXT5His and tXXT5Myc lysate mixture was applied 
onto a Ni-NTA affinity column. The elution fractions were detected by either anti-His or anti-Myc antibodies.  
(F) in vitro Ni-NTA pull-down assay for interactions between tXXT1His and tXXT1HA. tXXT1His and 
tXXT1HA lysate mixture was applied onto a Ni-NTA affinity column. The elution fractions were detected by 
either anti-His or anti-HA antibodies. The flow through fraction was detected by anti-HA antibodies to confirm 
the presence of non-bound tXXT1HA. (G) in vitro Ni-NTA and anti-HA agarose pull-down assay for 
interactions between tXXT2His and HA-tag fused full-length XXT5. tXXT2His lysate was mixed with protein 
extract from XXT5HA expressing transgenic plants. The mixture was pulled down by either Ni-NTA or HA-
agarose column. Both elution fractions were detected by anti-HA and anti-His antibodies.
Discussion
 Previous studies revealed that three xylosyltransferases, XXT1, XXT2, and XXT5, 
and a glucan synthase, CLSC4, are involved in synthesis of the xylosylated glucan backbone 
of XyG in Arabidopsis (Cavalier and Keegstra, 2006; Cavalier et al., 2008; Zabotina et al., 
48
2008; Cocuron et al., 2007). Here, we investigated the protein-protein interactions among 
these enzymes to shed light on their functional organization and to explore the putative 
multiprotein complex involved in XyG formation in Golgi. The idea that XyG assembly 
involves a multienzyme complex localized in the Golgi membrane first emerged from 
biochemical studies demonstrating cooperativity of glucan synthase and xylosyltransferase 
activities in vitro (Zhang and Staehelin, 1992; Cocuron et al., 2007). In addition, recent 
reverse-genetic studies indicated that three xylosyltransferases, XXT1, XXT2 and XXT5 
play different roles in XyG biosynthesis (Cavalier et al., 2008; Zabotina et al., 2008), and the 
presence of all three proteins is essential for the formation of the wild type XyG (Zabotina et 
al., unpublished results). In this study, we investigated only one glucan synthase, CSLC4, as 
a potential member of the XyG synthetic complex, although other CSLC proteins, such as 
CSLC5 and CSLC6, have been implicated in XyG formation also (Cavalier and Keegstra 
2010). Our selection is based on the fact that CSLC4 was shown to have β-glucan synthase 
activity when expressed heterologously and this activity was enhanced by co-expression of 
CSLC4 and XXT1 (Cocuron et al., 2007). CSLC4 is also expressed in all Arabidopsis tissues 
and has the highest expression level of all AtCSLCs (http://wardlab.cbs.umn.edu/
arabidopsis/). This does not exclude the participation of other CSLCs in the multienzyme 
complex involved in xyloglucan biosynthesis, and this needs to be investigated in the future. 
Available transcription data demonstrate that all three XXTs and CSLC4 are co-expressed in 
all Arabidopsis tissues studied, and XXT2 and CSLC4 have levels of expression about two 
times higher than XXT1 and XXT5 (Supplemental Fig. S5; Schmid et al., 2005). Higher 
expression levels of XXT2 and CSLC4 fit with our observation of two homo-complexes, 
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XXT2-XXT2 and CSLC4-CSLC4, while XXT1 and XXT5 are most likely present only in 
hetero-complexes. 
The absence of fluorescence signal from co-expression of XXT proteins with YFP 
complementary fragments fused to their opposite termini confirms that all three 
xylosyltransferases are localized in the Golgi membrane in the same orientation, which 
brings their N-termini into close proximity. It was suggested that XXT1, XXT2 and XXT5 
proteins are positioned in the Golgi membrane with their N-termini on the cytosolic site and 
C-termini inside the Golgi lumen (Sogaard et al., 2012). Unlike XXTs, which have only one 
predicted transmembrane domain (TMD) and span the Golgi membrane only once, CSLC4 
has six predicted TMDs spanning the membrane six times, with the catalytic site and both 
termini located on the cytosolic side of the Golgi membrane (Davis et al., 2010). This 
information about the topologies of XXTs and CSLC4 prompted us to fuse the YFP 
fragments to the N-terminus of each protein in the BiFC experiments, because the C-termini 
of XXT and CSLC4 proteins are localized on the opposite sides of the Golgi membrane, 
which would prevent YFP reconstruction in XXT-CSLC4 pairs. The results obtained in this 
study support the earlier assumptions about the XXTs and CSLC4 topologies. 
The competition BiFC assays, together with all the negative controls used in our 
experiments, confirm that the observed fluorescence signals are the result of specific protein-
protein complex formation. Additionally, the competition assay allowed some insights into 
the putative composition of the protein-protein complexes. For example, it was demonstrated 
that XXT2 and XXT5 prefer to form a hetero-complex, and the potential interaction between 
XXT2 and XXT1 occurs most likely via different residues. In addition, XXT2 can 
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simultaneously form homo- and hetero-complexes, most likely involving different interacting 
surfaces. The formation of XXT2-XXT2 homo-complex and XXT5-XXT2 hetero-complex is 
also supported by co-immunoprecipitation of XXT2YFP homo-complex and XXT2YFP-
XXT5HA hetero-complex from Arabidopsis protoplasts (Fig. 5). Additionally, co-
immunoprecipitation demonstrated that the XXT2-XXT2 homo-complex is linked by 
disulfide bonds, but formation of the XXT2-XXT5 hetero-complex does not involve covalent 
interactions. Currently, we cannot explain the presence of two bigger bands (~250kDa and 
~300 kDa) detected with GFP antibodies under non-reducing conditions (Fig. 5).  It is 
possible that XXT2 can form larger homo-complexes or can pull down other components of 
the multiprotein complex, interacting with them through disulfide bonds. 
The weaker ability of XXT5 to compete with the XXT1-XXT2 complex suggests that  
the XXT1 and XXT2 interaction is stronger than the interaction between XXT1 and XXT5 
and, most likely, XXT2 can form a complex with XXT1 and XXT5 simultaneously. This 
conclusion is supported by in vitro pull-down assays. XXT2 can be pulled-down with XXT5 
and with XXT1, but XXT1 and XXT5 were not pulled-down together, which demonstrates 
weak or no interaction between XXT1 and XXT5.  Perhaps, XXT1 and XXT5 do not directly 
interact in vivo but co-localize in Golgi close enough to reconstitute YFP in the BiFC assay. 
  The BiFC assay using complementary YFP fragments fused to the N-termini of two 
CSLC4 proteins or to the C-terminus of one protein and the N-terminus of another showed 
comparable fluorescence indices, which is in accordance with the hexagonal rosette-like 
structure of glucan synthase, similar to cellulose synthases (CESA). In addition, this suggests 
that the termini of two CSLC4 molecules are in the closest proximity while their catalytic 
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loops are positioned on the opposite sides. The presence of at least two CSLC4 in the 
complex is also supported by an earlier suggestion that synthesis of glucan chain with 
alternating glucoses in opposite orientations requires two glucan synthases working 
alternately (Sandhu et al., 2009; Carpita, 2011). Davis et al. (2010) proposed that CSLC4 has 
a topology similar to that of cellulose synthases and therefore operates in a similar manner, 
i.e. by coupling the addition of glucose to the elongating glucan chain with translocation of 
the chain across the Golgi membrane. BiFC assays demonstrate that expression of XXT5 or 
XXT2 with CSLC4 gives a strong fluorescence signal, but co-expression of XXT5HA or 
XXT2HA with the CSLC4-CSLC4 BiFC pair does not depress the fluorescence signal of the 
latter. This implies that XXT proteins co-localize with two CSLC4 proteins, most likely in 
the same complex, to xylosylate the elongating glucan chain. Interactions of XXTs, most 
likely through their catalytic domains, may support complex integrity, holding the 
xylosyltransferases around the synthesized glucan backbone. Localization of 
xylosyltransferases close to the glucan synthases is the most plausible complex organization, 
assuming that xylosylation of the glucan backbone occurs upon its elongation in a processive 
manner. There could be a few reasons for the lower fluorescence signal observed for 
interactions between CSLC4 and XXT1 and XXT2, in comparison with the signal observed 
for the interaction between CSLC4 and XXT5. First, the distance between the interaction side 
of CSLC4 and its N-terminus fused with the YFP complementary fragment is longer than the 
distance between each XXT’s interaction side and N-terminus. This different spatial 
proximity likely affects YFP reconstitution.  XXT5 has a longer N-terminal cytosolic tail 
than the other two XXTs, which makes it easier for the YFP fragment fused to the XXT5 N-
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terminus to reach the YFP complementary fragment fused to the CSLC4 N-terminus. Second, 
it is possible that in the CSLC4-XXT hetero-complex, the N-termini are separated by 
CSLC4’s active site loop, which can disturb YFP reconstitution. Finally, other complex 
components may be localized close to the interaction side between CSLC4 and XXTs, 
increasing the distance between two YFP complementary fragments; these components may 
include, for example, other glycosyltransferases or nucleotide sugar transporters (Zhang et 
al., 2011).  
In conclusion, we propose that the putative XyG synthase complex contains at least 
two glucan synthases co-localized with their N and C-termini in close proximity to each 
other, two XXT2 proteins interacting with each other through disulfide bonds, and XXT5 and 
XXT1, which interact with XXT2-XXT2 and with CSLC4-CSLC4 homo-complexes. XXT2, 
XXT5 and XXT1 physically interact with each other through their catalytic domains 
localized in the Golgi lumen, and most likely, these interactions do not involve covalent 
bonds. By contrast, since the catalytic domains of CSLC4 and the XXTs are localized on the 
opposite sides of the Golgi membrane, most likely CSLC4 and the XXTs interact through 
their transmembrane domains, or the catalytic domains or stem regions of XXTs interact with 
CSLC4’s loops that protrude into the Golgi lumen. Further investigation will be required to 
address this question. 
Future research will also include other glycosyltransferases known to be involved in 
XyG decoration, to define the full composition and structure of the XyG synthase complex in 
Arabidopsis. Demonstration of these complexes in vivo further extends our understanding of 
XyG biosynthesis; this knowledge will shed light on polysaccharide formation and offer 
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opportunities for the direct manipulation of polysaccharide formation to modify plant cell 
walls for various industrial applications. 
  
Materials and Methods
 Plant material and growth conditions.
Seeds of Arabidopsis thaliana, ecotype Columbia (Col-0) were sterilized in 70% (v/v) 
NaOCl solution with 0.1% (v/v) Triton-X. Sterilized seeds were germinated and seedlings 
were grown for 10 days on plates with 1/2 Murashige and Skoog medium under 16 hr light/8 
hr dark photoperiod conditions in a growth incubator at 22°C.
DNA constructs
Constructs for BiFC assays: All genes, XXT1, XXT2, XXT5 and CSLC4, were 
amplified using gene-specific primers from full-length cDNA clones (XXT1 and XXT2 
cDNA constructs were obtained from Dr. Keegstra, MSU). CSLC4 was amplified from 
Arabidopsis cDNA directly. After PCR amplification, PCR products were inserted into the 
Gateway entry vector pCR8⁄GW⁄TOPO TA Cloning vector (Invitrogen). Gene-TOPO DNAs 
were recombined into both destination Gateway pSAT-BiFC vectors, pSAT4-DEST-nEYFP-
C1 (N-terminus YFP fragment) and pSAT5-DEST-cEYFP-C1(B) (C-terminus YFP fragment) 
(ABRC), and into pEarleyGate104 (ABRC). For cloning co-expression plasmids, the 
expression cassette with the N- or C- terminal YFP fragment was digested with a homing 
endonuclease, I-SceI or I-CeuI respectively, and cloned into the pPZP-RCS2-ocs-bar-R1 
(ABRC) co-expression binary vector.    
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 Constructs for pull-down assays: The N-terminal His-tagged truncated tXXT1 and 
tXXT2 were prepared by amplification of XXT1 and XXT2 from the corresponding cDNAs 
and cloning into the pET-15b vector (Novagen) containing an N-terminal 6x-His tag using 
gene-specific forward and reverse primers containing NdeI and BamHI sites, respectively.   
The N-terminal HA-tagged truncated tXXT1 was made by removing the N-terminal 6x-His 
tag sequence from the pET-15b vector and replacing it with the HA-tXXT1sequence which 
was made by amplification from XXT1 cDNA using a gene-specific forward primer 
containing both the HA sequence 
(ACTCATGAATGTACGACGTACCAGATTACGCTACGCCGGAGAAAGATATCGAGG) 
and a BspHI site, and a gene-specific reverse primer with a BamHI site 
(ACGGATCCTCACGTCGTCGTCGTACTAAGCT). The N-terminal Myc-tagged truncated 
tXXT5 was made by amplification from the cDNA using a gene-specific forward primer 
containing both the Myc tag and an NcoI site 
(AGCCATGGATGGAACAAAAACTCATCTCAGAAGAGGATCTGAACCTAGGAAGCT
CAAGCGCCG), and a gene-specific reverse primer containing an NdeI site 
(ACCATATGCTAGTTCTGTGGTTTGGTTTCCAC). The amplified Myc-t XXT5 PCR 
fragment was then cloned into pET-15b digested with NcoI and NdeI to generate the plasmid 
with the Myc-tXXT5sequence. 
Preparation of protoplasts
Forty Arabidopsis seedlings grown on plates for 10 days were harvested and 
incubated in 5 mL enzyme solution (0.25% (w/v) Macerozyme, 1.0% Cellulase, 0.4 mM 
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mannitol, 8 mM CaCl2, 5 mM MES-KOH pH 5.6, and 0.1% BSA) for 10 hr to 12 hr in the 
dark with gentle agitation at 50 rpm. After incubation, suspended protoplasts were filtered 
through a 100 μm cell strainer, laid onto a 10 mL 21% (w/v) sucrose solution, and 
centrifuged at 300 xg for 5 min. The supernatant, which contained the protoplasts, was 
collected and diluted with 10 mL W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 5 
mM glucose, and 1.5 mM MES-KOH pH 5.6). Protoplasts were collected by centrifugation 
at 300 xg for 5 min and re-suspended in 1 mL W5 solution. The amount of protoplasts was 
measured using a hemocytometer (1/10 mm deep).
Transient expression in protoplasts
The protocol for protoplast transfection was adapted from Jin et al. (2001). After 
protoplast suspensions were counted, protoplasts were pelleted again by  centrifugation at  300 
xg for 5 min and re-suspended to a density of 2 × 105 mL-1 in Man/Mg solution (400 mM 
mannitol, 15 mM  MgCl2, 5 mM MES-KOH pH 5.6). Each plasmid (5 μg or 10 μg) was 
added into 100 μL of protoplast suspension followed by addition of 120 μL polyethylene 
glycol solution (30% (w/v) PEG-4000, 400 mM  mannitol, 15 mM Ca(NO3)2). The 
transfection mixture was incubated at room temperature for 30 min. After incubation, the 
transfection mixture was diluted with 4 mL W5 solution to terminate the transfection process. 
The transfected protoplasts were collected by centrifugation at 300 xg for 5 min and re-
suspended in 1 mL W5 solution. The transfected protoplast suspension was incubated at 
room temperature for 8 hr in the dark and then moved to 4°C for 10 hr. The BiFC 
fluorescence signal was visualized using a fluorescence microscope (DMIRE, Leica) with 
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distinct filter cubes for YFP (filter set: excitation 485/20, emission 460/20) and for CFP 
(filter set: excitation 436/20, emission 480/40), and examined with the attached digital 
camera.  
Western Blot of expressed fusion proteins
Transfected protoplasts expressing fusion proteins (approximately 60,000 per sample) 
were pelleted by centrifugation at 300 xg for 5 min and re-suspended in 300 μL protein 
extraction buffer (40 mM HEPES, 0.45 M sucrose, 1 mM EDTA, 1 mM MgCl2, 1 mM KCl, 
1mM dithiothreitol, protease inhibitor cocktail [Roche], pH 8.0) by vortexing 3 times for 10 
sec each. The protein extract was treated with 1% Triton X-100 for 30 min at 4 °C to 
solubilize membrane-bound proteins.  After solubilization, proteins were precipitated with 
10% (v/v) trichloroacetic acid. Precipitated proteins were resuspended in loading buffer (30 
mg/mL) with or without β-mercaptoethanol for reducing or non-reducing SDS-PAGE, 
respectively. After SDS-PAGE separation, the proteins were electrophoretically transferred to 
a nitrocellulose membrane (0.2 μm, Bio-Rad) for immunodetection. Monoclonal anti-GFP 
antibodies (MMS-118P, Covance) were used (1:5000 dilution) for detection of YFP. 
Monoclonal anti-HA antibodies (LT0422, LifeTein) were used (1:500 dilution) to detect HA-
fused proteins. Polyclonal His-antibodies (sc-803, Santa Cruz Biotech.) were used (1:10,000 
dilution) to detect His-fused proteins and monoclonal Myc-antibodies (MA1-21316, Thermo) 
were used (1:2,000 dilution) to detect Myc-fused proteins. Membranes were treated with the 
reagents to detect peroxidase activity and immediately visualized by ChemiDoc XRS+ (Bio-
Rad). Prestained size markers were visualized on the same membrane using visible light. 
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Protein concentration was measured using the Bio-Rad kit (Quick Start Bradford Dye reagent 
1X, Cat# 500-0205), by following the manufacturer’s instructions.
Flow cytometry 
Fluorescence intensities of the BiFC signal in transfected protoplasts were quantified 
by flow cytometry (FACSCanto, BD). Approximately  20,000 to 25,000 protoplasts (counted 
by hemocytometer) were suspended in 500 μL W5 solution.  The YFP was excited with a 
laser at 488 nm and captured with a FL1-A sensor (the emission wavelength is 505 nm to 554 
nm). The fluorescence intensity was calculated as described by Li et al. (2010) with the 
equation: total fluorescence equals the mean fluorescence level multiplied by the percentage 
(%) of fluorescent events. The fluorescence intensity index was determined as total 
fluorescence of transfected protoplasts divided by total fluorescence of non-transfected but 
PEG-treated protoplasts. For each BiFC-pair described here, five independent protoplast 
transfections were performed and fluorescence was measured 2 times for each of five 
transfections. 
Co-immunoprecipitation assay
 Protoplasts from XXT5HA expressing or wild-type plants (around 80,000 protoplasts) 
were transfected with XXT2YFP construct (10 µg), and protein extraction and solubilization 
with Triton X-100 was performed as described above. Total protein extract was diluted with 
extraction buffer to reduce the final concentration of detergent to 0.2% and the extract was 
applied to an affinity column with anti-HA conjugated agarose. After 1.5 hr incubation at 4 
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°C, the anti-HA agarose column was washed with 500 μl wash buffer (25 mM Tris and 150 
mM sodium chloride, pH 7.2) three times and eluted with 200 μl elution buffer (200 mM 
Glycine, pH 2.8). Collected flow-through, wash and elution fractions were mixed with 
loading buffer with and without β-mercaptoethanol for reducing and non-reducing 
conditions, respectively.  Proteins were separated by  SDS-PAGE and detected by  Western 
blotting as described above. 
In vitro pull-down assay
All prepared plasmids with truncated XXT-tagged proteins were transformed into E. 
coli (BL21) using the heat shock method. Transformed E. coli cells were incubated in 4 ml 
lysogeny broth (LB) media at 37°C for 2.5 hr, at 150 rpm. When the cells reached OD600 = 
0.5-0.6, the culture was moved to 16°C for 1 hr, with continuous shaking. After the 16°C 
treatment, cells were induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and 
incubated at 37°C for an additional 3 hr. IPTG-induced cells were pelleted and lysed by 
incubation in lysis buffer (1 mg/mL Lysozyme, 20 mM HEPES, 100 mM NaCl, 10 µg/mL 
DNaseI, 5 mM MgCl2, pH 7.0) for 1 hr at room temperature followed by five freeze/thaw 
cycles in liquid nitrogen. Lysate containing soluble proteins including tXXT was separated 
from the insoluble pellet by centrifugation at 13,000 rpm for 10 min.  
 In vitro pull-down assays were performed using Ni-NTA affinity resin (Thermo 
Scientific, 88221) or HA-agarose (Pierce) following the manufacturer’s instructions. For Ni-
NTA, two truncated protein lysates (1 mg total crude protein) were mixed with 300 μl 
equilibration buffer (20 mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, 
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pH 7.4). The mixture was then added to the affinity resin and incubated at 4°C overnight with 
end-to-end shaking. The column was washed with 600 μl wash buffer (20 mM sodium 
phosphate, 300 mM sodium chloride, 25 mM imidazole, pH 7.4) two times and eluted with 
300 μl elution buffer (20 mM sodium phosphate, 300 mM sodium chloride, 250 mM 
imidazole, pH 7.4). All fractions were analyzed by Western blotting with tag-specific 
antibodies.  For anti-HA agarose, two truncated protein lysates (1 mg total crude protein) 
were mixed with 300 μl equilibration buffer, applied to the column with anti-HA conjugated 
agarose, and then washed and eluted as described above for the co-immunoprecipitation 
assay. 
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Abbreviations:
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like C family; FUT1, fucosyltransferase; IP, immunoprecipitation; TMD, transmembrane 
domain; XLT2, xyloglucan L-side chain galactosyltransferase; XXT, xyloglucan 
xylosyltransferase
Abstract
Arabidopsis thaliana xyloglucan has an XXXG structure, with branches of xylosyl 
residues, β-D-Galacosyl-(1,2)-α-D-Xylosyl- motifs and fucosylated β-D-Galactosyl-(1,2)-α-
D-Xylosyl- motifs. Most of the enzymes involved in xyloglucan biosynthesis in Arabidopsis 
have been identified, including the glucan synthase CSLC4, three xylosyltransferases 
(XXT1, XXT2, and XXT5), two galactosyltransferases (MUR3 and XLT2), and the 
fucosyltransferase FUT1. The XXTs and CSLC4 form homo- and hetero-complexes and 
were proposed to co-localize in the same complex, but the organization of the other 
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xyloglucan synthesizing enzymes remains unclear. Here we investigate whether the 
glycosyltransferases MUR3, XLT2, and FUT1 interact with the XXTs-CSLC4 complex in the 
Arabidopsis Golgi. We used co-immunoprecipitation and bimolecular fluorescence 
complementation, with signal quantification by flow cytometry, to demonstrate that CSLC4 
interacts with MUR3, XLT2, and FUT1. FUT1 forms homo-complexes and interacts with 
MUR3, XLT2, XXT2, and XXT5. XLT2 interacts with XXT2 and XXT5, but MUR3 does 
not. Co-immunoprecipitation assays showed that FUT1 forms a homo-complex through 
disulfide bonds and formation of the hetero-complexes does not involve covalent 
interactions. In vitro pull-down assays indicated that interactions in the FUT1-MUR3 and 
FUT1-XXT2 complexes occur through the protein catalytic domains. We propose that 
enzymes involved in xyloglucan biosynthesis are functionally organized in multiprotein 
complexes localized in Golgi.     
Keywords: Arabidopsis thaliana, BiFC, bimolecular fluorescence complementation, plant 
cell wall, protein-protein interaction, xyloglucan biosynthesis.       
Introduction
In plants, the primary cell walls are composed mostly of cellulose and various 
complex, branched polysaccharides, including pectins and hemicelluloses. The 
polysaccharide composition of the cell wall largely determines its properties, such as 
mechanical strength, elasticity, and adaptability to environmental changes. However, this 
composition can change due to cell expansion; also, responses to stress require cell wall 
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remodeling (Cosgrove, 2005; Albersheim et al. 2010). In addition, plant cell walls provide 
humans with food, fiber, fuel, and other biomaterials (Somerville et al. 2004).
Xyloglucan is the major hemicellulosic polysaccharide in the primary cell walls of 
dicotyledonous and non-graminaceous monocotyledonous plants (O'Neill and York, 2003). 
Xyloglucan has a core glucan backbone composed of β-(1,4)-D-linked glucosyl (Glc) 
residues, most of which have monosaccharide or oligosaccharide substitutions that form 
branched structures. Arabidopsis thaliana xyloglucan has a repeating XXXG-type structure, 
containing four different xyloglucan subunits: XXXG, XXFG, XXLG and XLFG (Fry et al. 
1993). Each letter represents the specific side chain at a β-D glucosyl residue of the 
xyloglucan backbone. For example, “G” indicates an unbranched glucosyl residue and “X” 
indicates a disaccharide α-D-xylosyl (Xyl)-(1,6)-β-D-Glc in the xyloglucan backbone. “L” 
indicates a trisaccharide with β-D-Gal-(1,2)-α-D-Xyl-(1,6)- attached to a β-D-Glc residue 
and “F” indicates a tetrasaccharide with a terminal fucosyl residue linked to β-D-Gal of the 
“L” structure through α-(1,2) linkage (Fig. 1A). 
In Arabidopsis, reverse genetic and biochemical studies have identified several Golgi 
membrane localized glycosyltransferases that function in xyloglucan synthesis. The glucan 
synthase CSLC4 synthesizes the xyloglucan glucan backbone (Cocuron et al. 2007). The two 
xylosyltransferases XXT1 and XXT2 add xylosyl residues onto the glucan backbone to form 
XXXG-type xyloglucan, as does the putative xylosyltransferase XXT5, which functions 
interdependently (Faik et al. 2002; Cavalier and Keegstra, 2006; Cavalier et al. 2008; 
Zabotina et al. 2008 and 2012). The galactosyltransferases XLT2 (Jensen et al. 2012) and 
MUR3 (Madson et al. 2003) specifically galactosylate the second and the third xylosyl 
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residues in the XXXG subunit, respectively, and the fucosyltransferase FUT1 (Perrin et al. 
1999) fucosylates the second galactosyl residue in the XLLG /XXLG subunits. 
With six predicted transmembrane domains (TMDs) (Davis et al. 2010), the putative 
xyloglucan glucan synthase CSLC4 has a topology similar to that of cellulose synthase. 
CSLC4 produced β-(1,4)-D-linked glucan when expressed in the yeast Pichia pastoris, and 
its ability to synthesize longer glucans increased when it was co-expressed with XXT1, 
which indicated a functional relationship between these two proteins (Cocuron et al. 2007). 
In addition, protease protection and protease recognition site introduction experiments have 
revealed that both termini of CSLC4 and its putative catalytic site, the loop between the 
second and third TMD, localize in the cytosol (Davis et al. 2010). CSLC4 uses cytosolic 
UDP-Glc to synthesize an elongating glucan chain and translocates the glucan chain across 
the Golgi membrane into the lumen. By contrast, the glycosyltransferases involved in the 
decoration of the xyloglucan backbone (xylosyl-, galacosyl- and fucosyl- transferases) are 
type II Golgi-localized transmembrane proteins (Søgaard et al. 2012). These transmembrane 
proteins contain a short cytosolic N-terminal region, a single TMD, and, in the Golgi lumen, 
a short stem region and a catalytic region containing the enzymatic active site (Søgaard et al. 
2012). 
Despite the importance of plant cell wall polysaccharides, the functional organization 
of glycosyltransferases in plant Golgi remains unclear. In mammalian and yeast cells, 
protein-protein interactions present a critical organizing principle for glycosyltransferases 
involved in glycan synthesis. New findings also indicate that such interactions could be a 
common principle of organization of polysaccharide biosynthesis in Golgi (Oikawa et al. 
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2013). Indeed, a number of recent reports support the idea that multiprotein complexes 
synthesize cell wall polysaccharides and proteoglycan. For example, the putative 
arabinosyltransferase ARAD1 (ARABINAN DEFICIENT 1) (Harholt et al. 2006 and 2012) 
synthesizes the arabinan side chain of rhamnogalacturonan I (RG-I). ARAD1 forms homo- 
and hetero-dimers with its homolog ARAD2 when co-expressed in Nicotiana benthamiana, 
as shown by bimolecular fluorescence complementation (BiFC) and Förster resonance 
energy transfer (Harholt et al. 2012). Also, GAUT1, an α-1,4-galacturonosyltransferase that 
synthesizes homogalacturonan (HG), interacts with GAUT7, the enzymatic activity of which 
has not been demonstrated (Sterling et al. 2006). Atmodjo et al. (2011) showed that truncated 
GAUT1 anchors in the Golgi through covalent bonding with GAUT7. Emerging research in 
wheat suggests that another complex functions in biosynthesis of glucuronoarbinoxylan 
(GAX) (Zeng et al. 2010). Three wheat genes, TaGT43-4, TaGT47-13 and TaGT75-4 are 
involved in GAX biosynthesis. Co-immunoprecipitation of the three encoded proteins, using 
antibodies against TaGT43-4, demonstrated that TaGT43-4 interacts with TaGT47-13 and 
TaGT75-4, and the precipitated protein complex had enzymatic activity, forming 
arabinosylated and glucuronidated xylan with a regular pattern. Recently, Dilokpimol et al. 
(2014) demonstrated that two Arabidopsis type II arabinogalactan galactosyltransferases 
(AtGALT29A and AtGALT31A) form hetero-complexes, and the formation of protein 
complexes increases the galactose incorporation into the polysaccharide compared with each 
galactosyltransferase acting alone. 
Strong evidence indicates that multiprotein complexes also function in N-
glycosylation of proteins in Golgi (Hassinen et al. 2010; Schoberer et al. 2011 and 2013). 
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Glycosylation of proteins requires several types of Golgi-localized glycosyltransferases and 
glycosidases, the N-glycan processing enzymes, which are also type II transmembrane 
proteins. In mammalian and yeast cells, several protein complexes function sequentially in 
N-glycan modification in different Golgi sub-compartments. According to a proposed 
mechanism, enzymes functioning at the early steps of N-glycan processing localize in the cis- 
and medial-Golgi cisternae, and enzymes involved in the later steps localize in the trans-
Golgi cisternae and the trans-Golgi network (TGN). In Arabidopsis, several N-glycan 
processing enzymes form homo- and heterodimers (Schoberer et al. 2013). During the first 
step of N-glycosylation, the processing enzymes MNS1, GnTI, GMIII, and XylT, form 
homo- and heterodimers in cis- and medial-Golgi cisternae; later, glycosyltrasferases GALT1 
and FUT13 form heterodimers with GMIII to glycosylate the substrate protein. These results 
show that in plants, N-glycan modifications depend on the distinct spatial localization of 
multiprotein enzyme complexes. 
Recent studies using BiFC assays combined with flow cytometry, 
immunoprecipitation, and in vitro pull down assays showed that CSLC4 and three XXT 
proteins form homo- and hetero-complexes (Chou et al. 2012). Formation of hetero-
complexes of XXT1-XXT2 and XXT2-XXT5 occurs through their C-terminal catalytic 
domains via non-covalent interactions. Chou et al. (2012) proposed that CSLC4 and the 
XXTs function in a multiprotein complex localized in Golgi. Here we investigated the 
formation of hetero- and homo-complexes among CSLC4, XXTs, MUR3, XLT2, and FUT1 
by using BiFC assays in Arabidopsis protoplasts. We quantified the BiFC signals by flow 
cytometry and used competition assays and co-immunoprecipitation to validate protein-
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protein interactions. Our results demonstrate the existence protein-protein interactions among 
xyloglucan synthesizing enzymes, suggesting that these enzymes form multiprotein 
complexes in the Golgi to synthesize xyloglucan in Arabidopsis. 
Results
FUT1, XLT2 and MUR3 form hetero-complexes with CSLC4 and XXTs 
 First, we investigated whether CSLC4 interacts with the xyloglucan synthesizing 
enzymes FUT1, MUR3, and XLT2, which add side chains to the xylosylated glucan 
backbone. To investigate these protein-protein interactions, we used BiFC assays and 
quantified the fluorescent signals by flow cytometry. FUT1, MUR3, XLT2, and CSLC4 were 
cloned into the pSAT-BiFC vectors pSAT4-DEST-nEYFP-C1 (nYFPGT) and pSAT5-DEST-
cEYFP-C1 (cYFPGT) (Citovsky et al. 2006) (Fig. 1B). We transfected BiFC pairs into 
protoplasts and examined them using confocal microscopy. A punctuate pattern of BiFC 
signal indicated YFP reconstitution, and thus protein co-localization (Fig.1C). We confirmed 
Golgi localization of the observed fluorescent signals by co-expressing the BiFC pairs with 
the Golgi-specific marker G-CK (Nelson et al. 2007) (Fig.1C(a-d)). The average size of 
punctuate fluorescence observed was estimated to be around 1 µm, which corresponds to the 
size of the Golgi apparatus (Supplemental Fig. S1; Nelson et al. 2007). Previous work 
showed that split YFP tags fused to N-termini of XXTs do not affect their Golgi localization 
and biological function (Chou et al. 2012, Supplemental Fig. S2). Similarly, to confirm that 
the fluorescent tags on N-termini of MUR3 and FUT1  do not affect their localization, the 
full-length YFP tagged MUR3 (YFPMUR3) and FUT1 (YFPFUT1) were expressed in mur3-3 
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(Tedman-Jones et al. 2008) and fut1 mutants (Vanzin et al. 2002), respectively. The punctuate 
patterns of fluorescence observed co-localized with the Golgi marker G-CK, confirming that 
expressed proteins localize in the Golgi (Supplemental Fig. S3 and S4). The analysis of 
xyloglucan composition from both complemented plants using digestion with xyloglucan 
endoglucanase (XEG) and analysis of oligosaccharides obtained by MALDI-LTQ-Orbitrap 
showed the presence of all xyloglucan subunits typical for wild type xyloglucan, thus 
confirming the biological function of YFPMUR3 and YFPFUT1 in vivo (Supplemental Fig. S5). 
In addition, the phenotype of mur3-3 mutant plants, described by Tedman-Jones et al. (2008), 
was complemented to wild type by expressed YFPMUR3, demonstrating that YFPMUR3 is 
functional and can restore the xyloglucan composition of mutant cell walls (Supplemental 
Fig. S6). 
 BiFC signals were quantified using flow cytometry (Li et al. 2010) and measured as 
fluorescence index, the ratio between the total fluorescence of transfected protoplasts and the 
total fluorescence of non-transfected protoplasts. The fluorescence indices of cYFPFUT1-
nYFPCSLC4 (32 ± 8), nYFPMUR3-cYFPCSLC4 (26 ± 9), and nYFPXLT2- cYFPCSLC4 (18 ± 4) 
indicated that these three proteins all interact with CSLC4 (Fig. 1C (e-g); Fig. 2). For a 
negative control, we used an Arabidopsis class I α-mannosidase (MNS1), a type II membrane 
protein with hydrolytic activity involved in protein glycosylation in Golgi (Liebminger et al. 
2009). The fluorescence indices of pairs, cYFPFUT1-nYFPMNS1, nYFPMUR3-cYFPMNS1 and 
cYFPXLT2-nYFPMNS1 were 12 ± 5, 8 ± 5, and 2 ± 0.8, respectively (Fig. 2); thus, FUT1, 
MUR3 and XLT2 paired with CSLC4 showed significantly higher fluorescence signals than 
the corresponding negative controls. FUT1 and MUR3 unexpectedly showed a high signal 
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with MNS1, significantly higher than the signals previously reported for CSLC4, XXT1, 
XXT2 and XXT5 with MNS1 (Chou et al. 2012). 
Figure 1. 
(A) The structure of XLFG subunit of Arabidopsis xyloglucan and the glycosyl transferases known to be 
involved in xyloglucan biosynthesis forming glycosydic bonds are indicated correspondingly. 
(B) Plasmid constructs used for BiFC and recombinant truncated protein expression. For BiFC experiments, 
each gene was cloned into the pSAT vector with the N- or C-terminal fragment of YFP, full-length YFP tagged 
vector (pEarleyGate104) and HA-tagged vector (pEarleyGate201). Genes fused to the either C-terminus or N-
terminus of each YFP split fragment, full-length YFP and HA tags are denoted as nYFPGT, cYFPGT, GTnYFP, 
YFPGTYFP and HAGT, respectively. For the truncated versions of His-tagged, T7-tagged or FLAG-tagged 
glycosyltransferases, the fusion genes were cloned into the pET-15b and denoted as HistGT, FLAGtGT or T7tGT, 
respectively. 
(C) Confocal images of BiFC signal indicating homo- and hetero-complex formation in Arabidopsis 
protoplasts. (a)-(d) Arabidopsis protoplasts co-expressing cYFPFUT1-nYFPXXT5 (a), Golgi marker, G-CK (b), 
merged image of (a) and (b) in (c) to confirm BiFC signal localization in Golgi and the bright field image of the 
same protoplast (d). (e)-(j): nYFPCSLC4-cYFPFUT1 (e); cYFPCSLC4-nYFPMUR3 (f); cYFPCSLC4-nYFPXLT2 (g); 
nYFPXLT2-cYFPXXT5 (h); nYFPMUR3-cYFPFUT1 (i) and nYFPXLT2-cYFPFUT1 (j). (k)-(l): nYFPMUR3-cYFPXLT2 (k) 
and the bright field image of the same protoplast (l). Representative images from three independent experiments 
are shown. Scale bar = 10 µm for all images.
We also used competition BiFC assays to confirm that the observed fluorescence of 
reconstituted YFP resulted from protein-protein complex formation and did not occur by 
chance. To compete for complex formation, we co-transfected the HAFUT1 plasmid with the 
cYFPFUT1-nYFPCSLC4 BiFC pair (10 µg); any complex incorporating the HAFUT1 form, 
which lacks the YFP fragment, will not reconstitute YFP, thus reducing the BiFC signal. With 
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5 µg and 10 µg of HAFUT1 plasmid, the BiFC signal for the FUT-CSLC4 pair decreased by 
~24% and ~51%, respectively, suggesting that HAFUT1 competes with cYFPFUT1 for the 
position close to CSLC4 in their hetero-complex (Fig. 2). Similarly, competition assays using 
HAMUR3 and the nYFPMUR3-cYFPCSLC4 BiFC pair showed a ~35% reduction of the 
fluorescent signal. HAXLT2 competing with the cYFPCSLC4-nYFPXLT2 BiFC pair caused a 
~65% reduction of the fluorescent signal (Fig. 2). 
The cYFPFUT1-nYFPMNS1 and nYFPMUR3-cYFPMNS1 pairs used as negative controls 
showed quite high fluorescent signals. To test whether MNS1 interacts with FUT1 or MUR3, 
we transfected the HAMNS1 (5 µg and 10 µg) plasmid with either cYFPFUT1-nYFPCSLC4 or 
nYFPMUR3-cYFPCSLC4 pairs. We found that HAMNS1 did not compete with cYFPFUT1-
nYFPCSLC4 or nYFPMUR3-cYFPCSLC4 pairs, indicating that MNS1 does not interact with 
FUT1 or MUR3 and, most likely, the signal represents chance YFP reconstitution. Therefore, 
in all BiFC experiments that used FUT1 or MUR3 proteins, only the intensities of 
fluorescence signals that were significantly higher than the fluorescence of negative controls, 
i.e. the FUT1-MNS1 and MUR3-MNS1 pairs, were considered to represent positive protein-
protein interactions. 
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Figure 2. 
Hetero-complex formation between CSLC4 and FUT1, MUR3 and XLT2. Intensities of fluorescent signals 
for BiFC and BiFC competition assays were determined by flow cytometry for all pairs and all negative 
controls. The fluorescence index is total fluorescence for the transfected protoplasts divided by total 
fluorescence for the nontransfected protoplasts (see Materials and Methods). Black bars indicate BiFC signal 
of the cYFPFUT1-nYFPCSLC4 pair, its BiFC competition assay with HAFUT1 (5 µg and 10 µg of DNA) and 
HAMNS1 (10 µg of DNA) and negative control; dark grey bars indicate BiFC signal intensities of the 
nYFPMUR3-cYFPCSLC4 pair, its competition assay with HAMUR3 and HAMNS1 (10 µg of DNA) and negative 
control; light grey bars indicate BiFC signal intensities of the nYFPXLT2NC-cYFPCSLC4 pair, its BiFC 
competition assay with HAXLT2 (10 µg of DNA) and its negative control. [The asterisks and triangles indicate 
Next, we examined the formation of hetero-complexes among FUT1, MUR3, XLT2 
and three XXTs. For MUR3 and XXTs, the fluorescence indices of nYFPMUR3-cYFPXXT1, 
cYFPMUR3-nYFPXXT2 and nYFPMUR3-cYFPXXT5 pairs were close to that of the nYFPMUR3-
cYFPMNS1 negative control, suggesting that MUR3 does not form hetero-complexes with the 
XXTs (Fig. 3A). By contrast, the fluorescence indices of cYFPXLT2-nYFPXXT2 and nYFPXLT2-
cYFPXXT5 pairs were significantly higher than the corresponding negative control, cYFPXLT2-
nYFPMNS1. This indicates that XLT2 forms hetero-complexes with XXT2 and XXT5, but not 
with XXT1 (Fig. 1C(h); Fig. 3A).  
   The BiFC signal of cYFPFUT1-nYFPXXT1 was at the level of the negative control 
cYFPFUT1 FUT1-nYFPMNS1, but the cYFPFUT1-nYFPXXT2 and cYFPFUT1-nYFPXXT5 pairs 
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showed significantly higher fluorescence (Fig. 3B). These results indicate that FUT1 forms 
hetero-complexes with XXT2 and XXT5 but not with XXT1. The competition assays using 
either XXT2nYFP (5 µg and 10 µg) in which the N-terminal part of YFP (nYFP) was tagged to 
the C-terminus of XXT2, or HAFUT1 (10 µg) co-expressed with cYFPFUT1-nYFPXXT2 pair 
produced signal reductions of 58% and 81% for XXT2nYFP and 60% for HAFUT1 (Fig. 3B). 
This confirmed the protein-protein interaction between FUT1 and XXT2. The results of 
competition assays using XXT2nYFP construct showed the co-localization of nYFPXXT2, 
XXT2nYFP, and cYFPFUT1 in Golgi. This also suggests that the split YFP fused either to the N-
terminus or C-terminus of XXT protein does not change its localization. Similarly, HAFUT1 
competed with cYFPFUT1 when co-expressed with the FUT1-XXT5 BiFC pair, reducing its 
signal by 48% (Fig. 3B) and confirming the interaction between cYFPFUT1 and nYFPXXT5. 
Because of the relatively high fluorescence of the FUT1-MNS1 pair used as a negative 
control (Fig. 2), we performed an additional control experiment using 10 µg HAMNS1 co-
transfected with the cYFPFUT1-nYFPXXT5 pair. However, HAMNS1 did not reduce the BiFC 
signal of the FUT1-XXT5 pair (Fig. 3B), which suggests that HAMNS1 does not compete 
with XXT5 for FUT1 and that the unusually high fluorescence of co-transfected FUT1 and 
MNS1 most likely is not due to protein-protein complex formation. Immunoblotting analyses 
of total protein extracts from transfected protoplasts confirmed that co-expressed proteins 
had comparable levels of expression in all experiments (Supplemental Fig. S7). This ensured 
that the differences in BiFC signal intensities and the reduction of signal in competition 
assays were not due to significant differences in the amounts of expressed proteins.
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Figure 3.
(A) Hetero-complex formation between XXTs, MUR3 and XLT2. Black bars indicate BiFC signal intensities 
of nYFPMUR3-cYFPXXT1CC, cYFPMUR3-nYFPXXT2NC, nYFPMUR3-cYFPXXT5 and nYFPMUR3-cYFPMNS1 
pairs; white bars indicate BiFC signal intensities of nYFPXLT2-cYFPXXT1, cYFPXLT2-nYFPXXT2, nYFPXLT2-
cYFPXXT5 and cYFPXLT2-nYFPMNS1 pairs. (B) Hetero-complex formation between FUT1 and XXTs. BiFC 
signal intensities of the nYFPXXT1-cYFPFUT1 pair (white bar); black bars indicate BiFC signal intensities of 
the nYFPXXT2NC-cYFPFUT1 pair and its BiFC competition assays with XXT2nYFP (5 and 10 µg) and 10 µg of 
HAFUT1 plasmid; grey bars indicate BiFC signal intensities of the nYFPXXT5NC-cYFPFUT1CC pair and its 
BiFC competition assays with HAFUT1 and HAMNS1 (10 µg of DNA) ; the white bar indicates BiFC signal 
intensity of cYFPFUT1-nYFPMNS1 as reference. [The asterisks indicate no significant difference]. Mean ± SE. 
Significantly different (t-test, p<0.05, n=5).
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FUT1 forms hetero-complexes with MUR3 and XLT2
 To investigate whether fucosyl- and galactosyltransferases can co-localize in close 
proximity to form a hetero-complex, we performed BiFC assays using the nYFPMUR3 and 
cYFPFUT1 or nYFPXLT2 and cYFPFUT1 pairs co-transfected into protoplasts. The punctuate 
pattern observed by confocal microscopy (Fig.1C) and the fluorescence indices measured by 
flow cytometry confirmed the formation of the FUT1-MUR3 and XLT2-FUT1 hetero-
complexes (Fig. 4A). In addition, the competition assay using either HAFUT1 (5 µg and 10 
µg) or HAMUR3 (10 µg) plasmid co-transfected with nYFPMUR3-cYFPFUT1 showed a 
reduction in BiFC fluorescence indices by 22%, 63%, and 50%, respectively. In addition, 
YFP fragment was fused to the C-terminus of FUT1. FUT1nYFP (5 µg or 10 µg) was used in 
competition assay with nYFPMUR3-cYFPFUT1 and produced a reduction of BiFC signal by 
22% and 63%, respectively (Fig. 4A).  Both HAFUT1 and HAMUR3 competed with the 
nYFPMUR3-cYFPFUT1 pair, confirming the protein-protein interaction of MUR3 and FUT1. 
Utilization of FUT1nYFP, and its ability to reduce fluorescence signal in the competition assay 
confirmed the co-localization of nYFPMUR3, cYFPFUT1, and FUT1nYFP. The competition assay  
with the nYFPXLT2-cYFPFUT1 pair was performed by co-expression of this BiFC pair with 
either HAXLT2 or HAFUT1. The fluorescence signals in those two competition assays were 
reduced by 60% and 43%, respectively. These results confirmed the protein-protein 
interaction between XLT2 and FUT1 (Fig. 4A).  By contrast, the low BiFC fluorescence of 
the cYFPXLT2-nYFPMUR3 pair indicates that XLT2 and MUR3 do not form a hetero-complex 
(Fig. 4A).  
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FUT1 can simultaneously form hetero- and homo-complexes 
 CSLC4 and XXT2 form homo-complexes (Chou et al. 2012). Therefore, we 
examined whether MUR3, XLT2 and FUT1 can also form homo-complexes. We performed 
BiFC experiments that co-expressed the same proteins fused with two parts of YFP, for 
example, nYFPFUT1 with cYFPFUT1, nYFPMUR3 with cYFPMUR3, and nYFPXLT2 with 
cYFPXLT2. We found that only the FUT1-FUT1 pair had a fluorescence index significantly 
higher than the corresponding negative controls (Fig. 4B), indicating that FUT1 can form a 
homo-complex. The competition assay using 10 µg of either HAFUT1 or FUT1nYFP plasmids 
co-transfected with nYFPFUT1 and cYFPFUT1 showed a 50% reduction of fluorescence index, 
which confirmed the FUT1-FUT1 protein-protein interaction and also the co-localization of 
FUT1 proteins fused with YFP fragments through either the C- or N-terminus. By contrast, 
the BiFC signal of the  nYFPMUR3 and cYFPMUR3 pair was similar to its negative control 
level as well as that of the nYFPXLT2 and cYFPXLT2 pair, indicating that MUR3 and XLT2 do 
not form homo-complexes (Fig. 4B).
 Next, we tested whether these proteins can simultaneously co-localize in the same 
hetero-complex by performing a BiFC competition assay using HAMUR3 and the cYFPFUT1-
nYFPXXT2 pair. We found that co-expression of HAMUR3 protein did not significantly reduce 
the signal from the XXT2-FUT1 BiFC pair (Fig. 5). These results, together with the 
demonstration of FUT1-MUR3 and FUT1-XXT2 hetero-complexes, indicate that FUT1 can 
interact with both MUR3 and XXT2 simultaneously, most likely through distinct protein 
surfaces. To examine further whether FUT1 has at least two interaction surfaces, we used 
HAMUR3 to compete the cYFPFUT1-nYFPXXT5 and cYFPFUT1-nYFPFUT1 BiFC pairs. We 
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found that HAMUR3 does not reduce the fluorescence index of the FUT1-XXT5 pair or the 
FUT1-FUT1 pair (Fig. 5). These competition assays showed that HAMUR3 does not compete 
with FUT1, nor does it compete with XXTs in homo- and hetero-complexes, FUT1-XXT2 
and FUT1-XXT5. Therefore, FUT1 most likely interacts with MUR3 and XXTs via distinct 
surfaces.  
Figure 4. 
(A) Hetero-complex formation among FUT1, MUR3 and XLT2. Black bars indicate BiFC signal intensities of 
the cYFPFUT1-nYFPMUR3 pair and BiFC competition assay with either HAFUT1 or FUT1nYFP (5 and 10 µg of 
DNA); BiFC signal intensity of the cYFPFUT1-nYFPXLT2 and BiFC competition assay with HAFUT1 (10 µg of 
DNA) (grey bars) and nYFPMUR3-cYFPXLT2 BiFC pairs (white bar). (B) Homo-complex formation of FUT1, 
MUR3 and XLT2. Black bars indicate BiFC signal intensities of cYFPFUT1-nYFPFUT1 homo-complex and 
competition assays with 10 µg DNA of either HAFUT1 or FUT1nYFP; signal intensity of cYFPMUR3-nYFPMUR3 
pair and its negative control (white bars) [The asterisks indicate no significant difference]; signal intensity of 
cYFPXLT2-nYFPXLT2 pair and its negative control (grey bars) [The triangles indicate no significant difference]. 
Mean ± SE. Significantly different (t-test, p<0.05, n=5).
We also performed competition assays between HAXXT2 and the cYFPFUT1-
nYFPXXT5 pair (Fig. 5). Taking into account the strong interaction between XXT2 and XXT5 
reported earlier (Chou et al. 2012) and the strong interaction between XXT2 and FUT1 
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demonstrated in this study, we anticipated that HAXXT2 would effectively compete for 
proximity to either FUT1 or XXT5. Indeed, co-transfection of HAXXT2 reduced the 
fluorescence index of the FUT1-XXT5 pair by 60%. These results indicate that, most likely, 
both XXT5 and FUT1 form complexes with XXT2 through the same protein surface. Results 
obtained from BiFC competition assays strongly suggest that FUT1 has two interaction 
surfaces, which likely assist in the formation of larger multiprotein complexes. 
Co-immunoprecipitation of FUT1-XXT2, FUT1-XXT5 and FUT1-MUR3 from 
Arabidopsis protoplasts confirms the protein-protein interactions
 We next used co-immunoprecipitation (co-IP) assays to complement the results of the 
BiFC assays and to confirm the protein-protein interactions observed among the 
Figure 5. 
BiFC competition assays among FUT1 homo- and hetero-complexes with XXT2 and MUR3. Black bars 
indicate BiFC signal intensities of pair nYFPXXT2-cYFPFUT1 and its BiFC competition assays with 10 µg of 
HAMUR3 plasmid; grey bars indicate BiFC signal intensities of the nYFPXXT5-cYFPFUT1 pair and its BiFC 
competition assays with HAMUR3 and HAXXT2 (10 µg of DNA) [The asterisks indicate no significant 
difference]; white bars indicate BiFC signal intensities of FUT1 homo-complex and its BiFC competition 
assays with HAMUR3 (10 µg of DNA) [The triangles indicate no significant difference]. Mean ± SE. 
Significantly different (t-test, p<0.05, n=5).
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glycosyltransferases involved in decoration of the xyloglucan backbone. We conducted co-
IPs with FUT1-XXT2, FUT1-XXT5, and FUT1-MUR3. To pull down the FUT1-XXT5 
hetero-complex, we transfected protoplasts prepared from xxt5 mutant plants expressing HA-
tagged XXT5 (HAXXT5) (Zabotina et al. 2008) with a plasmid encoding YFP-tagged FUT1 
(YFPFUT1) (Fig. 1A). Total protein extract prepared from the transfected protoplasts was 
solubilized with the nonionic detergent Triton X-100 and solubilized protein fractions and 
non-solubilized fractions were separated by ultracentrifugation (Peskan et al. 2000 and 
Srivastava et al. 2013). The supernatant obtained was applied to an anti-HA agarose column, 
bound proteins were eluted with low pH elution buffer, and the resulting fractions were 
analyzed by SDS-PAGE under reducing and non-reducing conditions. The prey protein 
YFPFUT1 (~94 kDa) and bait protein HAXXT5 (~53 kDa) were detected by immunoblot using 
monoclonal anti-GFP and polyclonal anti-HA antibodies, respectively. We detected both 
proteins in the elution fraction (Fig. 6A), confirming that FUT1 interacts with XXT5. Non-
reducing SDS-PAGE showed the presence of monomeric and dimeric forms of YFPFUT1, but 
showed only a monomeric form of HAXXT5 (Fig. 6A). As a negative control, the total 
solubilized protein extract prepared from protoplasts obtained from wild type Arabidopsis 
plants and transfected with YFPFUT1 was applied to the anti-HA agarose column. In this 
control experiment, we detected YFPFUT1 in the flow-through and first wash, but not in the 
elution fraction (Fig. 6B), confirming that it is not retained on the column in the absence of 
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HAXXT5.    
Figure 6.
Co-immunoprecipitation assays for complex formation. (A) Co-immunoprecipitation of HAXXT5 and 
YFPFUT1 from Arabidopsis protoplasts. YFPFUT1 was transiently expressed in protoplasts isolated from 
HAXXT5-expressing plants. Total protoplast protein was treated with 1% Triton X-100 and applied to an anti-
HA agarose column. The elution fractions were mixed with loading buffer with or without β-mercaptoethanol 
(2-ME) for reducing and non-reducing conditions and separated by SDS-PAGE. Proteins were detected by 
either polyclonal anti-HA or monoclonal anti-GFP antibodies. (B) Negative control for co-
immunoprecipitation of HAXXT5 and YFPFUT1. YFPFUT1 was transiently expressed in wild type protoplasts 
alone and protein extract from protoplasts was applied to anti-HA agarose column. Original protein extract 
(Orig), immunoprecipitation fractions of flow-through, washes (W1, W2, W3) and elution were separated by 
SDS-PAGE and detected by monoclonal anti-GFP antibodies.
 To investigate the FUT1-XXT2 hetero-complex using co-IP, we transiently co-
expressed HAFUT1 and YFPXXT2 in protoplasts prepared from wild type Arabidopsis plants. 
The total solubilized protein extract was applied to the anti-HA agarose column and the 
collected fractions were analyzed by immunoblot. We detected both HAFUT1 (~68 kDa) and 
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YFPXXT2 (~83 kDa) in the elution fraction (Fig. 7A) demonstrating that HAFUT1 protein can 
pull down YFPXXT2. Next, we performed co-IP switching the bait and prey proteins. The 
HAXXT2 and YFPFUT1 proteins were co-expressed in protoplasts and the anti-HA agarose 
column was used to demonstrate the ability of HAXXT2 to pull down YFPFUT1 (Fig. 7B). 
These two co-IP experiments confirm the interaction between FUT1 and XXT2 proteins. 
Similarly, we performed co-IP of MUR3-FUT1 hetero-complex using total solubilized 
protein extract prepared from wild type protoplasts co-expressing HAMUR3 (~73 kDa) and 
YFPFUT1. The protein extract was applied to an anti-HA agarose column and both HAMUR3 
and YFPFUT1 were detected in the elution fraction (Fig. 7C).  
 In addition, we performed several negative controls to confirm the specificity of the 
co-IP experiments. First, we used the XLT2-MUR3 pair, which showed a low BiFC signal, 
indicating that they do not interact. The YFPXLT2 and HAMUR3 proteins were co-expressed in 
wild type protoplasts and total solubilized protein extract was applied to an anti-HA agarose 
column. Immunoblot analysis of collected fractions demonstrated that only HAMUR3 was 
present in the elution; YFPXLT2 was present in the flow-through (Fig. 7D) and first wash 
fraction only. Second, we performed co-IP experiments using the FUT1-MNS1 and MUR3-
MNS1 pairs to reconfirm that their relatively high BiFC signals observed in earlier 
experiments were not due to protein-protein interactions. HAFUT1-YFPMNS1 or HAMUR3-
YFPMNS1 pairs were co-expressed in wild type Arabidopsis protoplasts. Solubilized protein 
extracts from the HAFUT1-YFPMNS1 or HAMUR3-YFPMNS1 pairs were applied to an anti-HA 
agarose column and collected fractions were examined by immunoblot. Only bait proteins 
were detected in the elution fraction, while YFPMNS1 was detected only in the flow-through 
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fractions (Fig. 7E and 7F). Finally, we performed one additional negative control where the 
HAFUT1 and YFPMNS1 pair was co-expressed in Arabidopsis protoplasts but solubilized 
using n-octyl-β-D-glucoside, which is considered to be a weaker detergent than Triton X-100. 
Figure 7. 
Co-immunoprecipitation of HAFUT1-YFPXXT2, HAXXT2-YFPFUT1, HAMUR3-YFPFUT1, HAMUR3-YFPXLT3, 
HAFUT1-YFPMNS1 and HAMUR3-YFPMNS1. (A) HAFUT1 and YFPXXT2 were transiently co-expressed in wild 
type protoplasts and total protoplast protein was solubilized with Triton X-100 and solubilized protein extract 
was applied to anti-HA agarose column. (B) HAXXT2 and YFPFUT1 were transiently co-expressed in wild type 
protoplasts and total protoplast protein was solubilized with Triton X-100 and solubilized protein extract was 
applied to anti-HA agarose column. (C) HAMUR3 and YFPFUT1 were transiently co-expressed in wild type 
protoplasts, total protoplast protein was solubilized with Triton X-100 and solubilized protein extract was 
applied to an anti-HA agarose column. (D) HAMUR3 and YFPXLT2 were transiently co-expressed in wild type 
protoplasts, total protoplast protein was solubilized with Triton X-100 and solubilized protein extract was 
applied to an anti-HA agarose column. (E) HAFUT1 and YFPMNS1 were transiently co-expressed in wild type 
protoplasts, total protoplast protein was solubilized with Triton X-100 and solubilized protein extract was 
applied to an anti-HA agarose column. (F) HAMUR3 and YFPMNS1 were transiently co-expressed in wild type 
protoplasts, total protoplast protein was solubilized with Triton X-100 and solubilized protein extract was 
applied to an anti-HA agarose column. (G) HAFUT1 and YFPMNS1 were transiently co-expressed in wild type 
protoplasts, total protoplast protein was solubilized with n-octyl-β-D-glucoside and solubilized protein extract 
was applied to an anti-HA agarose column. In co-IP of (A) to (G), original protein extract (Orig), 
immunoprecipitation fractions of flow-through, the third wash (W3) and elution were detected by either 
polyclonal anti-HA or monoclonal anti-GFP antibodies through immunoblot.
We expected that if FUT1 and MNS1 do weakly interact to give a BiFC signal, then 
their interaction might be preserved during solubilization by weaker detergent. Solubilized 
protein extract was applied to an anti-HA agarose column, and collected fractions were 
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detected using immunoblot. Our results demonstrated that HAFUT1 was in the elution and 
YFPMNS1 was in the flow-through, reconfirming that MNS1 does not interact with FUT1 
(Fig. 7G).
 In vitro pull-down assay using recombinant truncated XXT2, FUT1 and MUR3 
demonstrated that these proteins interact via their catalytic domains
 To demonstrate the physical interactions among XXT2, FUT1 and MUR3, we 
conducted in vitro pull-down assays using truncated versions of recombinant XXT2 
(tXXT2), FUT1 (tFUT1), and MUR3 (tMUR3). N-termini and transmembrane domains were 
truncated and substituted with His, T7, and FLAG tags, respectively. All truncated and tagged 
proteins were expressed in E. coli (Fig. 1A). We mixed lysates from cells expressing T7tFUT1 
and cells expressing HistMUR3, and then applied the lysate to a Ni-NTA affinity column. The 
collected fractions were analyzed by immunoblot using tag-specific antibodies. Both 
T7tFUT1 and HistMUR3 were detected in the elution fraction (Fig. 8A). Similarly, the lysates 
from the cells expressing HistXXT2 or T7tFUT1 were mixed and applied to the Ni-NTA 
affinity column. Both HistXXT2 and T7tFUT1 were detected in the elution fraction (Fig. 8B). 
In addition, lysate from the cells expressing T7tFUT1 was applied to the Ni-NTA 
affinity column alone, and then the flow-through and elution fractions were analyzed by 
immunoblot. The T7tFUT1 protein was present only in the flow-through and not in the elution 
fraction, demonstrating that T7tFUT1 was not retained on the column in the absence of 
HistMUR3 or HistXXT2 (Fig. 8C). 
To investigate the interaction between HistXXT2 and FLAGtMUR3 proteins, lysates 
from the cells expressing these proteins were mixed and applied to Ni-NTA columns. While 
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the HistXXT2 protein was detected in the elution fraction, the FLAGtMUR3 protein was 
detected only in the flow-through fraction. This indicated that HistXXT2 and FLAGtMUR3 do 
not interact physically (Fig. 8D).  
Figure 8. 
In vitro pull-down assay of HistMUR3 and T7tFUT1. (A) Lysates of cells expressing HistMUR3 and T7tFUT1 were 
mixed and the mixture was applied to a Ni-NTA affinity column. Original protein extract (Orig), in vitro pull-
down fractions of flow-through, the fourth wash (W4) and elution were detected by either polyclonal anti-His or 
anti-T7 antibodies. (B) Lysates of cells expressing HistXXT2 and T7tFUT1 were mixed and the mixture was 
applied to a Ni-NTA affinity column. Original protein extract (Orig), in vitro pull-down fractions of flow-
through, the fourth wash (W4) and elution were detected by either polyclonal anti-His or anti-T7 antibodies. (C) 
Negative control for in vitro pull-down assay of T7tFUT1. Only T7tFUT1 or HistMUR3 lysate was applied to a 
Ni-NTA affinity column and the elution fractions were detected by monoclonal anti-T7 antibodies. (D) The 
lysates of HistXXT2 and FLAGtMUR3 were mixed and the mixture was applied to a Ni-NTA affinity column. 
Original protein extract (Orig), in vitro pull-down fractions of flow-through, the fourth wash (W4) and elution 
were detected by either polyclonal anti-His or monoclonal anti-FLAG antibodies. The same lysate of E. coli 
cells expressing HistXXT2 was used for the experiments shown on panels (B) and (D).
  
Discussion 
Seven enzymes, glucansynthase CSLC4, xylosyltransferases XXT1, XXT2, and 
XXT5, galactosyltransferases MUR3 and XLT2, and fucosyltransferase FUT1 have been 
shown to synthesize xyloglucan in Arabidopsis. Together with the acetyltransferase AXY4 
(Gille et al. 2014) these enzymes present the minimum set of synthetic enzymes that is 
required to assemble the complete structure of a xyloglucan subunit (Fig. 1A). Available 
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transcription data demonstrate that the genes encoding all of these enzymes are highly 
expressed in all major Arabidopsis tissues (Supplemental Fig. S8). Also, reverse-genetic 
studies demonstrated that a knockout of each protein results in a lack of the corresponding 
monosaccharide in the xyloglucan from all major plant tissues studied (Perrin et al. 1999; 
Madson et al. 2003; Faik et al. 2002; Cavalier and Keegstra 2006; Cocuron et al. 2007; 
Cavalier et al. 2008; Zabotina et al. 2008 and 2012; Jensen et al. 2012). Based on this 
information, we hypothesized that CSLC4, XXT1, XXT2, XXT5, MUR3, XLT2, and FUT1 
are responsible for the bulk of xyloglucan formation in Arabidopsis and chose these proteins 
to investigate the functional organization of xyloglucan biosynthesis in Arabidopsis Golgi.  
Earlier studies showed that three xylosyltransferases, XXT1, XXT2, and XXT5, and 
the glucan synthase CSLC4 interact with each other and proposed that they form multiprotein 
complexes (Chou et al. 2012). At the same time, the reverse-genetic and immunological 
studies of knockout mutants of multiple XXTs demonstrated functional dependence among 
these three xylosyltransferases and suggested that XXT1-XXT2 and XXT2-XXT5 protein 
pairs are important for efficient xyloglucan biosynthesis (Zabotina et al. 2012). 
To gain more insights into the functional organization of xyloglucan biosynthesis, 
and, specifically, to investigate the organization of enzymes involved in galactosylation and 
fucosylation of the xyloglucan backbone, we studied the protein-protein interactions among 
XXT-CSLC4 homo- and hetero-complexes and MUR3, XLT2, and FUT1 proteins. We 
employed three independent, but complementary, approaches: 1) BiFC assays in Arabidopsis 
protoplasts combined with quantification of the fluorescent signal by flow cytometry, 2) 
immunoprecipitation of interacting proteins expressed in Arabidopsis protoplasts, and 3) in 
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vitro pull-down assays using recombinant proteins. We chose to use proteins fused with YFP 
fragments via their N-termini, because the C-termini of MUR3, XXLT2 and FUT1 localize in 
the Golgi lumen while the C-terminus of CSLC4 localizes on the cytosolic side of the Golgi 
membrane, which would prevent YFP reconstitution in the corresponding BiFC pairs. In 
addition, we considered that the short cytosolic N-termini are less likely to affect YFP 
reconstitution than the big, bulky catalytic domains at the C-termini of glycosyl transferases. 
Also, the presence of a YFP fragment on the C-termini of proteins might interfere with the 
protein-protein interactions occurring through these domains.
The strong BiFC signals obtained for the pairs of CSLC4 with MUR3, XLT2, and 
FUT1 suggest their close proximity. Taken together with the previously-demonstrated strong 
BiFC signal for the CSLC4-XXT5 and CSLC4-XXT2 pairs (Chou et al. 2012), these results 
suggest that the glycosyltransferases involved in decoration of the glucan backbone are most 
likely organized around CSLC4 (Fig. 9B). Although the galactosyltransferases MUR3 and 
XLT2 do not show a strong BiFC signal with each other or with XXTs, their strong BiFC 
signal with FUT1 and CSLC4 supports the assertion that they are in close proximity to other 
proteins in these putative complexes. 
The competition BiFC assays, together with our negative controls, confirm that the 
observed fluorescence signals result from the formation of specific protein-protein 
complexes. In cases where site-directed mutagenesis cannot be performed due to unknown 
protein structures, competition assays serve as suitable controls and provide a good 
alternative to mutagenesis (Kodama and Hu, 2012). Moreover, the competition assay can 
provide some insights into the putative composition of the multiprotein complexes. For 
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example, co-expression of HA-tagged MUR3 (HAMUR3) with the XXT2-FUT1 and XXT5-
FUT1 BiFC pairs did not decrease their BiFC signals, indicating that FUT1 has two possible 
interaction surfaces that allow simultaneous interaction with MUR3 and with XXT2 or 
XXT5. This assumption is also supported by the observation that the BiFC signal of the 
FUT1-FUT1 pair was not affected by competition with HAMUR3. At the same time, HAMUR3 
was able to compete with YFPMUR3 in the FUT1-MUR3 BiFC pair, which confirmed that the 
inability of HAMUR3 to compete with FUT1-XXT2 is not due to its different localization. 
 Additional control competition assays using constructs with YFP fragments fused to 
the C-termini of transferases were used to demonstrate that a YFP fragment fused to either 
the C’ or N’ end of a protein did not alter the localization of the proteins used in this study. 
Thus, XXT2nYFP can compete with the nYFPXXT2-cYFPFUT1 pair, indicating the co-
localization of XXT2nYFP with nYFPXXT2 and cYFPFUT1.  Similarly, the ability of FUT1nYFP 
to compete with the nYFPFUT1- cYFPFUT1 and cYFPFUT1- nYFPMUT3 pairs confirmed the co-
localization of FUT1nYFP with nYFPFUT1 and nYFPMUT3. In addition, the complementation of 
phenotypes and recovery of xyloglucan structure in the xxt2 xxt5, mur3, and fut1 mutant 
plants by expressing nYFPXXT2-cYFPXXT5 BiFC pair, YFPMUR3 and YFPFUT1, respectively, 
demonstrated that proteins fused with YFP through their N-termini localize in the Golgi and 
can function in vivo. 
In this study, both variants of the BiFC construct created for each protein (nYFP- or 
cYFP fused to the protein’s N-terminus) were used in different combinations to perform 
BiFC assays. Our results demonstrate that all constructs produced the fusion proteins capable 
of participating in protein-protein interactions. The one exception was the cYFPMUR3 
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construct, which was paired with nYFPMUR3 construct only and gave a low BiFC signal for 
the putative MUR3 homo-complex. Since it is difficult to examine the expression of 
cYFPMUR3 due to the lack of proper antibodies that can detect the small YFP (or GFP) C-
terminal peptide, we cannot completely exclude the possibility of MUR3 homo-complex 
formation. 
The protein-protein interactions demonstrated in the BiFC experiments were further 
studied by co-IP experiments, which confirmed the physical interactions that form FUT1-
XXT2, FUT1-XXT5, and FUT1-MUR3 hetero-complexes. We also performed two different 
types of negative control experiments to validate the co-IP results. First, we used co-IP to 
examine a protein pair with low BiFC signal, such as MUR3-XLT2. Second, we used BiFC 
pairs with the negative control protein MNS1. Both negative control experiments showed no 
protein-protein interactions. Non-reducing SDS-PAGE revealed that FUT1 forms a homo-
complex through disulfide bonds, but FUT1 hetero-complexes with other 
glycosyltransferases do not involve covalent interactions. The importance of the homo-
complexes shown here for FUT1 and reported earlier for XXT2 (Chou et al. 2012) is not 
clear, but they may increase the efficiency of xyloglucan biosynthesis. Thus, out of seven 
proteins (CSLC4, XXT1, XXT2, XXT5, MUR3, XLT2 and FUT1), three proteins (CSLC4, 
XXT2, and FUT1) can form homo-complexes, which may increase the number of protein-
protein interactions involving these proteins. In addition, in vitro pull-down assays with 
truncated MUR3, FUT1, and XXT2 demonstrated that MUR3 and FUT1 physically interact 
through their C-terminal domains localized in the Golgi lumen, similar to XXTs (Chou et al. 
2012). The results obtained from pull-down assays showed good agreement with the results 
94
of our BiFC experiments, confirming that FUT1 interacts with XXT2 and MUR3, but MUR3 
does not interact with XXT2. 
Currently, two discrete hypotheses have been proposed to explain the functions of 
xyloglucan synthesizing enzymes in the Golgi. Biochemical studies on xyloglucan 
synthesizing enzymes using pea Golgi microsomes and enzymatic assays suggested that all 
Golgi cisternae are involved in xyloglucan biosynthesis (Brummell et al. 1990). In addition, 
it was proposed that the incorporation of galactose and fucose occur independently, with 
galactosylation preceding fucosylation of the xyloglucan side chain (Camirand and 
MacLachlan, 1986; Farkas and MacLachlan, 1988). Chevalier et al. (2010) used Arabidopsis 
XXT1GFP, MUR3GFP, and FUT1GFP fusion proteins expressed in tobacco Golgi cisternae and 
visualized by immunogold-electron microscopy, and demonstrated that XXT1 and FUT1 are 
spatially separated. By contrast, quantitative immunolabeling experiments using sycamore 
cultured cells and antibodies recognizing either the xyloglucan backbone (anti-xyloglucan 
antibodies: Lynch and Staehelin, 1992; Moore et al. 1986) or an α-L-Fuc-(1,2)-β-D-Gal 
epitope of xyloglucan side chains have shown that these epitopes localize to trans-cisternae 
and the TGN only (Zhang and Staehelin, 1992). In addition, a recent study of Golgi cis-
cisternae formation using electron tomography and immuno-electron microscopy proposed 
that cis-cisternae are biochemically inactive, only assembling proteins and their complexes, 
and becoming functionally active later when they have matured into medial-cisternae 
(Donohoe et al. 2013). 
In this study, we demonstrated new protein-protein interactions among xyloglucan 
synthesizing enzymes, CSLC4, XXT2, XXT5, MUR3, XLT2 and FUT1. We showed that 
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FUT1 strongly interacts with two XXTs and MUR3, MUR3 interacts with CSLC4, and XLT2 
interacts with XXT2 and CSLC4 (Fig. 9). During the preparation of this manuscript, 
Sakuragi and colleagues independently demonstrated the protein-protein interactions among 
XXTs, MUR3, and FUT1 proteins using a reversible Renilla luciferase protein 
complementation assay (hRluc-PCA) adapted for transient expression in Nicotiana 
benthamiana and split-ubiquitin assay in yeast (personal communication), corroborating our 
results. Taking the protein-protein interactions observed in this study together with the 
protein-protein interactions among CSLC4 and three XXTs reported earlier (Chou et al. 
2012), we propose that the xyloglucan-synthesizing enzymes are organized in multiprotein 
complexes in the Arabidopsis Golgi. We speculate that in these multiprotein complexes, 
CSLC4 and XXTs synthesize and elongate the xyloglucan backbone, which then passes 
consecutively through the catalytic sites of the galactosyltransferases and fucosyltransferase 
for its complete decoration. In addition, it is also plausible that in situ complete decoration of 
xyloglucan molecules helps to maintain the polysaccharide’s solubility inside the Golgi, as an 
unbranched glucan longer than 5-6 residues is not soluble in aqueous solution (Cavalier et al. 
2006). Thus, xylosylation of the glucan chain increases its solubility to some extent, while 
fully branched xyloglucan becomes highly soluble (Shirakawa et al. 1998 and Peña et al. 
2004). Most of the xyloglucan glycosyltransferases studied here, except XXT5 and XLT2, 
have shown catalytic activities in in vitro assays when expressed in heterologous systems 
(Cavalier and Keegstra, 2006; Cocuron et al. 2007; Faik et al. 2002; Madson et al. 2003 and 
Perrin et al. 1999). It was also shown that MUR3 and XLT2 are specific to the position of the 
xylose that they galactosylate, and, according to the results from studies of single knockout 
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mutants, each of them can function independently. Fucosylation of the XLLG subunit by 
FUT1 also does not depend on the presence of galactose on the second xylose, since xlt2 
mutant plants had XXFG subunits in their xyloglucan. Therefore, it is most likely that the 
protein-protein interactions demonstrated among xyloglucan synthesizing proteins are not 
necessary for their catalytic functions. Rather, the organization of these proteins into the 
hetero-complexes might increase the efficiency of xyloglucan biosynthesis in vivo, similar to 
what was demonstrated for two arabinogalactan galactosyltransferases (Dilokpimol et al. 
2014). 
Figure 9.
(A)Table summarizing BiFC fluorescence intensities between different protein pairs. “+++” represents high 
BiFC signal pairs with indices above 25; “++” represents pairs with indices between18 to 25; “+” represents 
pairs with indices between 10 and 18. Slash represents pairs with indices lower than 10 or pairs that show no 
significant differences compared to the corresponding negative controls. (B) Proposed protein-protein 
interaction network among CSLC4, XXTs, MUR3, XLT2 and FUT1. Xyloglucan biosynthetic 
glycosyltransferases and a glucan synthase form homo- or hetero-complexes with different partners. The thick 
lines indicate the protein-protein interactions identified with all approaches used. The fine lines indicate the 
protein pairs that gave relatively high BiFC signal but were not studied by IP. Dashed lines indicate the protein 
pairs that gave relatively low BiFC signal and IP assays did not show their interaction.
It is possible that we did not identify all the protein-protein complexes formed among 
xyloglucan synthesizing enzymes due to limitations of the approaches used in this study. 
However, we positively demonstrated that fucosyltransferase and galactosyltransferases 
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appear in the same complexes, together with glucan synthase and xylosyltransferases. Most 
likely, the composition of these complexes is dynamic and depends on their maturity. Further 
research will be needed to elucidate the precise composition of xyloglucan synthesizing 
multiprotein complexes, their stoichiometry, and distribution in different Golgi cisternae. 
Understanding the functional organization of xyloglucan synthesizing complexes in Golgi 
extends our knowledge about polysaccharide biosynthesis in plants, which will offer 
opportunities for the control and manipulation of plant cell wall composition to benefit 
various industrial uses of plant biomass.   
 
Materials and Methods
Plant material and growth conditions
Seeds of Arabidopsis thaliana, ecotype Columbia (Col-0) were sterilized in 3% (v/v) NaOCl 
with 0.1% (v/v) Triton X-100, geminated and grown for 10 to 12 d on plates with 1/2 
Murashige and Skoog medium under 16 h light / 8 h dark photoperiod conditions in a growth 
incubator at 22℃. 
DNA constructs
Constructs for BiFC assays: Preparation of plasmids for XXT1, XXT2, XXT5 and CSLC4 
was described by Chou et al. 2012. MUR3, XLT2 and FUT1 were amplified from 
Arabidopsis cDNA using gene-specific primers (Supplemental data). Amplified PCR 
products were inserted into the Gateway entry vector (Invitrogen). Gene-TOPO DNAs 
constructs were recombined into both destination Gateway pSAT-BiFC vectors, pSAT4-
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DEST-nEYFP-C1 (N-terminus YFP fragment, NC) and pSAT5-DEST-cEYFP-C1(B) (C-
terminus YFP fragment, cYFP) (ABRC). For HA-tagged and YFP-tagged constructs, gene-
TOPO DNAs were recombined into pEarleyGate104 (YFP-fused) and pEarleyGate201 (HA-
tagged). Constructs for pull-down assays: The N-terminal His-tagged truncated MUR3 was 
prepared by amplification of MUR3 from the cDNA construct and cloning into the pET-15b 
vector (Novagen) containing an N-terminal 6x-His tag using gene-specific forward and 
reverse primers containing NdeI and BglII sites, respectively (Supplemental data). The N-
terminal FLAG-tagged truncated MUR3 was made by removing the N-terminal 6x-His tag 
sequence from the pET-15b vector and replacing it with the FLAG-tMUR3 sequence, which 
was made by amplification from the MUR3 cDNA using a gene-specific forward primer 
containing both the FLAG sequence and an XbaI site and a gene-specific reverse primer with 
a BglII site (Supplemental data). The N-terminal T7-tagged truncated FUT1 was made by 
amplification from the cDNA using a gene-specific forward primer containing both the T7 
tag and an NcoI site, and a gene-specific reverse primer containing a BamHI site (Table 1). 
The amplified T7-tFUT1 PCR fragment was then cloned into pET-15b digested with NcoI 
and BamHI to generate the plasmid with the T7-tFUT1 sequence. 
Preparation of protoplasts
Forty Arabidopsis seedlings grown on plates for 10 to 12 d were harvested and incubated in 5 
ml enzyme solution (0.25% (w/v) Macerozyme, 1.0% Cellulase, 0.4 mM mannitol, 8 mM 
CaCl2, 5 mM MES-KOH pH 5.6, and 0.1% BSA) for 10 h in the dark with gentle agitation at 
50 rpm. After incubation, suspended protoplasts were filtered through a 100 µm cell strainer, 
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layered onto a 10 ml 21% (w/v) sucrose solution, and centrifuged at 300 x g for 5 min. The 
supernatant, which contained the protoplasts, was collected and transferred into 10 ml W5 
solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 5 mM glucose, and 1.5 mM MES-KOH 
pH 5.6) and then centrifuged at 300 x g for 5 min to collect protoplasts. The pelleted 
protoplasts were re-suspended in 1 ml W5 solution. The amount of protoplasts was measured 
using a hemocytometer (1/10 mm deep). 
Transient expression in protoplasts
The protocol for protoplast transfection was described in Chou et al. (2012). Briefly, 
protoplasts were pelleted and re-suspended to a density of 2 x 105 ml-1 in Man/Mg solution 
(400 mM mannitol, 15 mM MgCl2, 5 mM MES-KOH pH 5.6). Each plasmid (5 µg or 10 µg) 
was added into 100 µl of protoplast suspension followed by addition of 120 µl polyethylene 
glycol solution (30% (w/v) PEG-4000, 400 mM mannitol, 15 mM Ca(NO3)2) and incubated 
at room temperature for 30 min. The transfection process was terminated by diluted the 
transfection mixture with 4 ml W5 solution. After collection of the transfected protoplasts by 
centrifugation, protoplasts were re-suspended in 1 ml W5 solution and incubated at room 
temperature for 8 h in the dark and then moved to 4°C for 10 h. The BiFC fluorescence 
signal was visualized using a fluorescence microscope (DMIRE, Leica) with distinct filter 
cubes for YFP (filter set: excitation 485/20, emission 460/20) and for CFP (filter set: 
excitation 436/20, emission 480/40), and documented with the attached digital camera. The 
image of CFP was colored red to distinguish the overlapping punctuate patterns.
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Flow cytometry
Fluorescence intensities of the BiFC signal in transfected protoplasts were quantified by flow 
cytometry (FACSCanto, BD). Approximately 2 x 104 to 2.5 x 104 protoplasts (counted by 
hemocytometer) were suspended in 500 µl W5 solution. The YFP was excited with a laser at 
488 nm and captured with an FL1-A sensor (emission wavelength 505 nm to 554 nm). The 
fluorescence intensity was calculated as described by Li et al. (2010) with the equation: total 
fluorescence equals the mean fluorescence level multiplied by the percentage (%) of 
fluorescent events. The fluorescence intensity index was determined as total fluorescence of 
transfected protoplasts divided by total fluorescence of non-transfected but PEG-treated 
protoplasts. For each BiFC pair described here, five independent protoplast transfections 
were performed and fluorescence was measured two times for each of five transfections.
Immunoblot of expressed fusion proteins
For the crude protein extraction and solubilization, transfected protoplasts expressing fusion 
proteins (approximately 6 x 104 per sample) were pelleted by centrifugation at 300 x g for 5 
min and re-suspended in 300 µl protein extraction buffer (40 mM HEPES, 0.45 M sucrose, 1 
mM EDTA, 1 mM MgCl2, 1 mM KCl, 1mM dithiothreitol, protease inhibitor cocktail 
[Roche], pH 8.0) by two freeze/thaw cycles. The protein extract was treated with either 50 
mM n-octyl-β-D-glucoside for 3 h to overnight or 1% Triton X-100 for 30 min at 4°C to 
solubilize membrane-bound proteins (modified from Srivastava et al. 2013). After 
solubilization, the protein extract was ultracentrifuged at 105 x g for 30 min at 4°C to 
separate solubilized (supernatant) and non-solubilized (pellet) fractions. For the supernatant, 
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10% (v/v) trichloroacetic acid was used for protein precipitation. Precipitated proteins were 
resuspended in loading buffer (30 mg ml-1) with or without β-mercaptoethanol for reducing 
or non-reducing SDS-PAGE, respectively. After SDS-PAGE separation, the proteins were 
electrophoretically transferred to a nitrocellulose membrane (0.2 µm, Bio-Rad) for 
immunodetection. Monoclonal anti-GFP antibodies (MMS-118P, Covance) were used 
(1:5000 dilution) for detection of YFP or N-terminal fragment fused proteins. Polyclonal 
anti-HA antibodies (OPA1-10980, Pierce) were used (1:500 dilution) to detect HA-fused 
proteins. Membranes were treated with the reagents to detect peroxidase activity and 
immediately visualized by ChemiDoc XRS+ (Bio-Rad). Prestained size markers were 
visualized on the same membrane using visible light. Protein concentration was measured 
using the Bio-Rad kit (Quick Start Bradford Dye reagent 1X, Cat# 500-0205), by following 
the manufacturer’s instructions.
Co-immunoprecipitation assay
Protein was extracted from co-transfected protoplasts using wild-type plants (around 80,000 
protoplasts) and solubilized with Triton X-100 as described in “Immunoblot of expressed 
fusion proteins” section. Total protein extract was diluted with extraction buffer to reduce the 
final concentration of detergent to 0.2% and the extract was applied to an affinity column 
with anti-HA conjugated agarose (A2095, Sigma). After 1.5 h incubation at 4°C, the anti-HA 
agarose column was washed with 500 µl wash buffer (25 mM Tris and 150 mM sodium 
chloride, pH 7.2) three times and eluted with 200 µl elution buffer (200 mM glycine, pH 2.8). 
In some cases, the first wash contained small but detectable amount of proteins, therefore, 
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last washes were always confirmed for their absence.  Collected flow-through, last wash and 
elution fractions were mixed with loading buffer with and without β-mercaptoethanol for 
reducing and non-reducing conditions, respectively. Proteins were separated by SDS-PAGE 
and detected by immunoblotting as described above. All experiments were repeated three 
times and similar results were obtained. 
In vitro pull-down assay
All prepared plasmids with truncated tMUR3 and tFUT1-tagged proteins and plasmid with 
HistXXT2 created earlier (Chou et al. 2012) were transformed into E. coli (BL21 Codon Plus) 
using the heat shock method. Transformed E. coli cells were incubated in 4 ml lysogeny 
broth (LB) media at 37°C for 2.5 h, at 150 rpm. When the cells reached OD600 = 0.5-0.6, the 
culture was moved to 16°C for 1 h, with continuous shaking. After the 16°C treatment, cells 
were induced with 0.5 mM isopropyl-β-D thiogalactopyranoside (IPTG) and incubated at 
37°C for an additional 3 h. IPTG-induced cells were pelleted and lysed by incubation in lysis 
buffer (1 mg ml-1 lysozyme, 20 mM HEPES, 100 mM NaCl, 10 µg ml-1 DNaseI, 5 mM 
MgCl2, pH 7.0) for 1 h at room temperature followed by five freeze/thaw cycles in liquid 
nitrogen. Lysate containing soluble proteins including tMUR3 and tFUT1 were separated 
from the insoluble pellet by centrifugation at 13,000 rpm for 10 min. In vitro pull-down 
assays were performed using Ni-NTA affinity resin (88221, Thermo Scientific) following the 
manufacturer’s instructions. For Ni-NTA, two truncated protein lysates (1 mg total crude 
protein) were mixed with 300 µl equilibration buffer (20 mM sodium phosphate, 300 mM 
sodium chloride, 10 mM imidazole, pH 7.4). The mixture was then added to the affinity resin 
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and incubated at 4°C for 1 h with end-to-end rotating. The column was washed with 600 µl 
wash buffer (20 mM sodium phosphate, 300 mM NaCl, 25 mM imidazole, pH 7.4) four 
times and eluted with 300 µl elution buffer (20 mM sodium phosphate, 300 mM NaCl, 250 
mM imidazole, pH 7.4). All fractions were analyzed by immunoblotting with tag-specific 
antibodies. Polyclonal His-antibodies (sc-803, Santa Cruz Biotech) were used (1:10,000 
dilution) to detect His-fused tMUR3 and monoclonal T7-antibodies (PA-132386, Thermo) 
were used (1:2,000 dilution) to detect T7-fused tFUT1 and monoclonal anti-FLAG antibodies 
(MA1-91878, Thermo) were used (1:2,000 dilution) to detected FLAG-fused tMUR3. All 
experiments were repeated three times and similar results were observed.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under 
accession numbers 2089730 (CSLC4), 2081625 (XXT1), 2132293 (XXT2), 2019090 (XXT5), 
2039002 (MUR3), 2167933 (XLT2) and 2056886 (FUT1).  
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CHAPTER 5
INVESTIGATION OF THE COMPOSITION OF THE PUTATIVE XYLOGLUCAN 
BIOSYNTHETIC COMPLEXES  
Yi-Hsiang Chou, Olga A. Zabotina
Abstract
 Previous studies using BiFC, co-IP and in vitro pull down assay have demonstrated 
formation of the hetero- and homocomplexes among seven xyloglucan synthesizing 
enzymes, including a glucan synthase (CSLC4), three xylosyltransferases (XXT1, XXT2 and 
XXT5), two galactosyltransferase (XLT2 and MUR3) and a fucosyltransferase (FUT1). To 
further confirm the protein-protein interactions among those enzymes, elucidate the 
stoichiometry and identify other possible constituents of the putative multiprotein complex, 
an immunoprecipitation of this complex from Arabidopsis plants and proteomics analysis of 
pulled down proteins were performed. For this purpose, five complemented transgenic plants 
were generated by overexpressing either HA- or YFP-tagged glycosyltransferases 
(YFPMUR3, YFPFUT1, HAXXT2, HAXXT1 and BiFC2N5C ) to increase a power of co-
immunopresipitation experiments and to shed light on possible compositional dynamics of 
the complex.. In addition, the protocol for membrane protein solubilization was developed 
using microsomes prepared from the complemented plants expressing HAXXT5 in the 
background of xxt5 mutant (Zabotina et al., 2008). 
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Introduction
 Plant cells are surrounded by a cell wall which is important for their mechanical 
strength, plant growth and development and responses to environmental stresses. The plant 
cell wall is a highly organized complex of polysaccharides and glycoproteins which is 
abundant and important for human needs as a source of fiber, wood, biomaterials and 
biofuels. Therefore, the understanding of the biosynthetic processes involved in plant cell 
wall formation becomes an important research area, the ultimate goal of which is to increase 
the efficiency of plant cell wall utilization (Somerville et al., 2004; Cosgrove, 2005). 
 Major cell wall polysaccharides are synthesized in two subcellular compartments. The 
cellulose, the most abundant cell wall component, is synthesized on plasma membrane 
(Delmer and Amor, 1995); the other two major groups of polysaccharides, hemicelluloses 
and pectins are synthesized in Golgi apparatus (Cosgrove, 2005). Cell wall polysaccharide 
biosynthesis requires functional cooperation of different enzymes responsible for nucleotide 
sugar conversion, substrate transport into Golgi lumen, sugar transfer and glycan 
modification. Glycosyltransferases (GTs) are the enzymes which transfer a sugar from a 
nucleotide sugar substrate to the oligosaccharide or polysaccharide with high substrate 
specificity. The GTs involved in polysaccharide biosynthesis are type II Golgi-localized 
transmembrane proteins (Søgaard et al. 2012) containing a short cytosolic N-terminal region, 
a single transmembrane domain (TMD), a short stem region and a catalytic domain 
containing the catalytic active site (Søgaard et al. 2012).
 During the past decade, several GTs have been identified and characterized to be 
involved in biosynthesis of various cell wall polysaccharides, such as xyloglucan (XG), 
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xylan, homogalacturonan (HG), rhamnogalacturonan I (RGI), RGII and xylogalacturonan 
(Perrin et al., 1999; Faik et al., 2002; Madson et al., 2003; Cavalier and Keegstra, 2006; 
Harholt et al., 2006; Sterling et al., 2006; Cavalier et al., 2008; Zabotina et al., 2008; Harholt 
et al., 2012; Harholt et al., 2012). Recently, the studies of the GT functional organization 
using different cell biology and biochemical approaches have suggested the importance of 
protein-protein interactions (Zeng et al., 2010; Atmodjo et al., 2011; Chou et al., 2012; 
Harholt et al., 2012; Søgaard et al., 2012).
 In HG biosynthesis, the protein-protein interaction of two galacturonyl transferases 
GAUT1 and GAUT7 has been demonstrated by Bimolecular fluorescence complementation 
(BiFC), co-immunoprecipitation (co-IP) and non-reducing protein electrophoresis (Atmodjo 
et al., 2011). The interaction between ARAD1 (putative arabinosyltransferase 1) and ARAD2 
(putative arabinosyltransferase 2) has been demonstrated by using Förster or Fluorescence 
Resonance Energy Transfer (FRET), BiFC and non-reducing protein electrophoresis (Harholt 
et al., 2012). Co-IP studies of the TaGT43-4, TaGT47-13 and TaGT75-4 showed the protein-
protein interactions among these enzymes and co-localization of their enzymatic activities to 
synthesize glucuronoarbinoxylan (GAX) (Zeng et al., 2010). Using co-IP, Dilokpimol et al. 
(2014) demonstrated that two Arabidopsis type II arabinogalactan galactosyltransferases 
(AtGALT29A and AtGALT31A) have protein-protein interaction which increased the yield 
of reaction product in vitro. The protein-protein interactions described above are among GTs 
involved in formation of the same type of glycosidic linkages in one particular 
polysaccharide. On the contrary, the synthesis of xyloglucan presents a good model to 
investigate the functional organization of potentially bigger multiprotein complex, because 
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all GTs responsible for the formation of all glycosidic linkages in xyloglucan  polymeric 
molecule have been identified and functionally characterized (Perrin et al., 1999; Faik et al., 
2002; Madson et al., 2003; Cavalier and Keegstra, 2006; Cavalier et al., 2008; Zabotina et al., 
2008; Jensen et al., 2012).  
 Arabidopsis xyloglucan has a repeating XXXG-type structure in which a β-(1,4)-
glucan backbone is synthesized by the glucan synthases (Cocuron et al., 2007). Three out of 
four glucosyl residues in each subunit are xylosylated by α-D-xylosyl residues at the O-6 
position by xyloglucan xylosyltransferases, XXT1, XXT2 and XXT5 (Faik et al., 2002; 
Cavalier and Keegstra, 2006; Cavalier et al., 2008; Zabotina et al., 2008). The second and 
third xylosyl residues in XXXG subunits can be further substituted at the O-2 position with 
one β-D-Galactosyl residues. These reactions are catalyzed by two galactosyltransferases, 
XLT2 and MUR3, respectively (Madson et al., 2003; Jensen et al., 2012) to from, XLXG, 
XXLG, XLLG subunits (Fry et al., 1993). The fucosyltransferase, FUT1 (Perrin et al., 1999) 
further fucosylates the galactosyl residue in the side chain linked to the third glucose via 
formation of α-(1,2) linkage to form XLFG and XXFG structures (Fry et al., 1993). In 
addition, O-acetyl substituent is attached to O-6 position of galactosyl residue in “L” or “F” 
site chain (Gille et al., 2011). 
 The protein-protein interactions among the xyloglucan biosynthetic enzymes has been 
studied using different approaches and the obtained results indicated the enzymes function in 
the context of multiprotein complexes. 1) Co-expression of XXT1 and CSLC4 in Pichia cells 
demonstrated that XXT1 can support CSLC4 ability to synthesize longer glucan backbone 
indicating the functional relationship between CSLC4 and XXT1 (Cocuron et al., 2007); 2) 
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Reverse genetic studies showed that while xxt1 or xxt2 single mutants have wild type (WT) 
xyloglucan, it is not detectable in xxt1 xxt2 double mutant indicating that the presence of one 
of these XXTs in active form is required for xyloglucan formation (Cavalier et al., 2008). In 
contrast, the xxt5 single mutant plant showed 50% reduction of xyloglucan content indicating 
XXT5 plays an important role in xyloglucan biosynthesis which cannot be fulfilled by XXT1 
and XXT2 present alone (Zabotina et al., 2008). This conclusion was further supported by the 
study using xxt1 xxt5 and xxt2 xxt5 double mutants. Thus, in xxt1 xxt5 and xxt2 xxt5 double 
mutants, xyloglucan content was reduced 50% in comparison with WT. Detailed 
characterization of xyloglucan composition demonstrated that both mutants contain fully 
decorated xyloglucan subunits indicating the GT activity of either XXT1 or XXT2 is 
sufficient to xylosylate glucan backbon, however, the efficiency of xyloglucan biosynthesis 
depends on the presence of XXT5. In addition, immunohistochemical analysis demonstrated 
that the patterns of xyloglucan distribution in these double mutants were different in different 
plant tissues. Thus, the results from reverse-genetics studies indicate the functional 
interdependency of XXT1, XXT2 and XXT5 (Zabotina et al., 2012). 3) The Bimolecular 
fluorescence complementation (BiFC) assay combined with flow cytometry and co-IP  
showed the protein-protein interactions among all enzymes involved in xyloglucan 
biosynthesis. Thus, several strong interacting protein pairs, XXT2-XXT5, XXT2-FUT1, 
XXT5-FUT1 and FUT1-MUR3 were confirmed for five out of seven enzymes. CSLC4 was 
shown to interact with almost all GTs (Chou et al., 2012, 2014); therefore, it was proposed 
that putative xyloglucan synthesizing multiprotein complex is, most likely, organized around 
117
glucan synthase. In addition, XXT2 and FUT1, most likely, have two interaction surfaces, 
which might assist in the formation of the larger multiprotein complexes.  
 To gain more insights into the functional organization of xyloglucan synthesizing 
multiprotein complexes, specifically, to elucidate the actual compositional stoichiometry of 
the complex and to reveal other possible constituents, we initiated the immunoprecipitation 
study using a set of Arabidopsis complemented transgenic plants to pull down a total 
multiprotein complex and analyze pulled down proteins by proteomics. For this purpose, 
several Arabidopsis transgenic lines harboring various xyloglucan GTs fused with affinity 
tags (HA or YFP) were generated. The set of transgenic lines created in this study includes 
YFPMUR3 expressed in mur3-3 mutant (Tedman-Jones et al., 2008), YFPFUT1 in fut1 
mutant, HAXXT2 in xxt5 and xxt2 mutants, and HAXXT1 expressed in xxt5 mutant, 
BiFC2N5C which the BiFC pair of nYFPXXT2 and cYFPXXT2 were expressed in xxt2 xxt5 
mutant. In addition HAXXT5 expressed in the background of xxt5 mutant (Zabotina et al, 
2008) was used to develop the protocols and conditions. These tagged GTs are utilized as bait 
proteins for immunoprecipitating multiprotein complexes, and the proteomics analysis of co-
immunoprecipitated proteins is currently in progress. In the future, the comparison of the 
compositions of the complexes pulled down by different bait proteins and analyzed by 
proteomics will allow to determine actual stoichiometry of the complex, reveal possible 
compositional dynamics of transiently formed complexes, and confirm strong and weak 
interactions among constituents. 
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Results and Discussion
Preparation of complemented transgenic plants overexpressing tagged GTs. 
 According to the previous BiFC results, the protein-protein interactions observed for 
different pairs of xyloglucan synthesizing proteins have different strength (Chou et al., 2012, 
2014). For example, while the strong BiFC fluorescence signal was observed for FUT1-
XXT2, XXT2-XXT5, XLT2-FUT1 and FUT1-MUR3 pairs, the pairs, such as XXT1-XX5, 
XXT2-XLT2, MUR3-XXT2, showed significantly lower BiFC signals, which can suggest 
either the long distance between some proteins in the complex or/and the stoichiometry of 
protein complexes is different. Thus, utilization of only one bait protein, for example 
HAXXT5 used for developing protocols of immunoprecipitation (Zabotina et al 2008), to 
pull down the whole putative multiprotein complex might be insufficient considering the low 
amount of GTs present in Golgi and comparatively weak protein-protein interactions of GTs 
in general. Therefore, four additional complemented plants expressing tagged GTs on the 
background of corresponding mutants (YFPMUR3, YFPFUT1, HAXXT2 and BiFC2N5C) 
were created to increase the power of pulldown experiments and increase the chance to pull 
down potentially transient complexes. The YFP tagged MUR3 (YFPMUR3) and FUT1 
(YFPFUT1) were expressed in mur3-3 (Tedman-Jones et al. 2008) and fut1 mutants (Vanzin 
et al. 2002), respectively. The punctuate patterns of fluorescence observed were co-localized 
with the Golgi marker G-CK, confirming that expressed proteins localize in the Golgi (Fig. 
1). 
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Figure 1.
Fluorescence images of YFPFUT1 and YFPMUR3 plants (A) Fluorescence images of transgenic 
Arabidopsis plants expressing YFPFUT1 and YFPMUR3 in fut1 and mur3-3 mutant background, 
respectively. (B) Fluorescence images of Arabidopsis protoplasts co-expressing YFPMUR3 and 
YFPFUT1 with the Golgi marker G-CK; the merged image of the fluorescence signals to confirm that  
the YFP fused MUR3 and FUT1 localize in the Golgi; the bright field image of the same protoplast. 
Representative images from three independent experiments are shown. Scale bar = 10 µm for all 
images.
 The analysis of xyloglucan composition from both complemented plants using 
digestion with xyloglucan endoglucanase (XEG) and analysis of oligosaccharides obtained 
by MALDI-LTQ-Orbitrap showed the presence of all xyloglucan subunits typical for WT 
xyloglucan, thus confirming the biological function of YFPMUR3 and YFPFUT1 in vivo 
(Fig. 2). 
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Figure 2. 
MALDI-LTQ-Orbitrap spectra of xyloglucan subunits. The results was obtained by xyloglucan 
endoglucanase digestion of cell walls from wild type, fut1, mur3-3 and corresponding complemented 
plants YFPFUT1 and YFPMUR3.
The complementation of stable BiFC transgenic plant overexpressing nYFPXXT2 
and cYFPXXT5 pair was examined through the BiFC signal, root hair phenotype and 
xyloglucan content (Fig. 3). In addition, the phenotype of mur3-3 mutant plants, described by 
Tedman-Jones et al. (2008), was complemented to WT by expressed YFPMUR3, 
demonstrating that YFPMUR3 is functional and can restore the xyloglucan composition of 
mutant cell walls (Fig. 4 and Fig. 2). The complemented plants expressing HAXXT2 in xxt2 
background were created and genotyped to confirm the herbicide resistant T1 HAXXT2 
plants carry the insertion. Transgenic plant zygosity test is ongoing.
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(A)
nYFPXXT cYFPXXT5
(B)
(C)
Col-0 xxt2/xxt5 2N5C
(D)
Figure 3
Transgenic Arabidopsis plants expressing nYFPXXT2 -cYFPXXT5 BiFC pair in the xxt2 xxt5 double 
mutant background. (A) The nYFPXXT2 and cYFPXXT5 expression cassettes (schematically shown) 
were cloned into the co-expression binary vector pPZP-RCS2 and named pPZP2N5C.  (B) The BiFC 
signal was examined using confocal microsopy. Scale bar = 20 µm. (C) The complementation of xxt2/
xxt5 root hair phenotype was confirmed in the next generation (T2) seedlings.(D) Recovery of 
xyloglucan composition in three independent lines 2N5C-1, 2N5C-2 and 2N5C-3.
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mur3-3 YFPMUR3
Figure 4
Morphology of mur3-3 mutants compared to YFPMUR3-complemented plants. Complementation 
was performed as described in Materials and Methods.
 All four complemented plants described above will be used in immunoprecipitation 
experiments using the microsome fractions. The proteomic analysis of immunoprecipitated 
protein complexes pulled down by four bait proteins will increase the reliability and 
probability of finding all possible compositional variants of multiprotein complex involved in 
xyloglucan biosynthesis and to discover new putative components of those complexes.
 Another set of transgenic plants overexpressing either HAXXT1 or HAXXT2 in xxt5 
mutant was generated as described in Material and Methods. The expression of tagged 
proteins was confirmed by immunoblotting analyses using HA antibodies (Fig 5A). Several 
independent lines were selected and characterized by observing the root hair phenotype 
described for xxt5 mutant (Zabotina et al., 2008) and by analyzing xyloglucan content in their 
cell wall. Obtained results (Fig 5B) showed that while XXT1 can restore xxt5 mutant 
phenotype, XXT2 cannot. Our results are consistent with the observations reported by 
Vuttipongchaikij et al in 2012, however, the authors have made their conclusion solely on the 
immunohistochemical analyses using one type of xyloglucan antibodies. It was demonstrated 
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that different antibodies created against xyloglucan can recognize various subunits in 
xyloglucan structure, so it is not sufficient to use only one type of antibodies to demonstrate 
that the complete xyloglucan structure is restored. Therefore, the detailed analysis of 
complemented lines performed in our study give more confidence in the conclusion about 
ability of XXT1 and inability of XXT2 to complement the lack of XXT5 in the plants. This 
suggests the functional interdependency of XXT2 and XXT5, and most likely, distinct 
behavior of XXT1. Thus, according to previous BiFC study (Chou et al., 2012), XXT1 does 
not interact with most of GTs except XXT2, and it was proposed that XXT1 can play a role 
of a substitute for complex-formed xylosyltransferase XXT2 or XXT5 in their absence. This 
might  be confirmed when the stoichiometry of the complexes pulled down from the 
microsomes prepared from these two complemented plants will be determined and compared.
Figure 5
Confirmation of protein expression and root hairs examination.(A)Confirmation of protein expression 
in HAXXT1 and HAXXT2 transgenic plants. Membrane protein was isolated from T3 plant 
seedlings. The 50 ug of protein was solubilized using 1% Triton X-100. Membrane protein was 
separated using SDS-PAGE. The anti-HA antibodies were used for detecting HA tagged fusion 
proteins.  
(B) Examination of root hair phenotype of WT, HAXXT1, HAXXT2 complemented plants. Scale bar 
= 200 um
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 Golgi membrane protein solubilization and Immunoprecipitation
 The solubilization of integral membrane proteins is a dissociation of membrane lipid 
layers around them, so the proteins and lipid clusters can be dissolved in a solution. 
Amphiphilic detergents are commonly used to solubilize membrane proteins, but they can 
also irreversibly denature membrane proteins, depending on the membrane composition and 
the properties of proteins. Thus, selection of a suitable detergent, which would effectively 
solubilize membrane proteins while preserving the protein structure, activity and protein-
protein interactions, is a critical step for membrane protein studies and, specifically, for 
pulldown experiments. Detergents can be broadly classified into anionic, cationic, 
switterionic and non-ionic. The non-ionic detergent (e.g. Triton X-100) and switterionic 
detergents (e.g. CHAPS) are usually considered as a better choice for membrane protein 
solubilization in order to maintain the protein function. Several important factors should be 
additionally considered in a solubilization process. For example, the detergent concentration, 
the ratio between detergent and protein (w/w) and the detergent CMC (critical micelle 
concentration); all these can significantly affect protein-detergent interactions and protein 
solubility (Kalipatnapu and Chattopadhyay, 2005; Duquesne and Sturgis, 2010).
 The non-ionic detergent Triton X-100 has been broadly used for solubilizing cell wall 
related GTs and cellulose synthases from Golgi and plasma membrane, respectively 
(Bessueille et al., 2009; Zeng et al., 2010; Atmodjo et al., 2011). Therefore, we chose this 
detergent for our study and performed the solubilization efficiency experiment with different 
concentrations of Triton X-100. The microsomes from HAXXT5 complemented transgenic 
plants were prepared as described in Material and Methods and treated with detergent at 
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different concentrations and then subjected to ultracentrifugation at 100,000 xg to separate 
non-solubilized fraction (pellet) and solubilized fraction (supernatant). The results of 
immunoblot analyses showed that amount of protein present in supernatant increased when  
increased concentrations of detergent were used (Fig. 6). 
Figure 6
Immunoblot of non-solubilized (P: pellet) fraction and solubilized (S: supernatant) fraction using 
HAXXT5 microsome prep. Solubilization was performed using different concentration of Triton 
X-100 for 1hr.
 It should be considered that non-efficient solubilization may result in the presence of 
small fragments of non-disrupted membrane which usually difficult to separate by one phase 
ultrancentrifugation and those fragments may increase contaminations during 
immunoprecipitation. However, the excessively high concentration of detergent may affect 
protein-protein interactions. Thus, we chose 1% Triton X-100 to be used in all our 
experiments in this study. 
 The first trials of immunoprecipitation revealed  another critical condition has to be 
worked out, the consistency in the binding of HAXXT5 to anti-HA conjugated agarose (HA-
agarose). The elution fractions accumulated from total 500 µg either of WT or HAXXT5 
microsome fractions were separated using SDS-PAGE, and proteins were detected using 
immunoblot (Fig 67). The low intensity of HAXXT5 band present in the elution fraction and 
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significant amount of HAXXT5 detected in the flow through fraction indicated a very poor 
binding affinity (Fig. 7B). 
Figure 7
(A) Immunoblot of immunoprecipitation (IP) elution fraction from WT and HAXXT5 microsome 
prep. Total 500 ug microsome prep was solubilized using 1% (15 mM) Triton X-100. The solubilized 
protein solution was purified using ultracentrifugation and supernatant fraction was applied to anti-
HA agarose. (B) Immunoblot of immunoprecipitation (IP) flow-through and elution fraction from 50 
µL (25 µg) and 100 µL (50 µg) HAXXT5 microsome prep. The microsome prep was solubilized using 
1% (15 mM) Triton X-100. The solubilized protein solution was purified using ultracentrifugation 
and supernatant fraction was applied to anti-HA agarose.
 The possible explanation could be that XXT5 has a longer N-terminal region fused 
with HA epitope, so the larger amplitude of N-terminus can cause its flipping onto the 
protein, which could reduce HA epitope exposure to anti-HA antibodies. Therefore, using a 
tagged GT which has a shorter N-terminal region, such as XXT2, could be a solution for the 
future experiments. 
 ! The immunoprecipitation elution fractions accumulated from 1 mg of either WT or 
HAXXT5 microsomes were then divided into two parts  and diluted with 30% : 70% 
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(microsomes:buffer) of volume ratio. One set of fractions after dilution was used for SDS-
PAGE followed by silver staining to determine the amount and molecular weight of proteins 
present in the pulled down fraction (e.g. HAXXT5 ~ 54 kDa) (Fig. 8). 
Figure 8
SDS-PAGE with silver staining of immunoprecipitation elution fractions from WT and HAXXT5 
mircosome.
 The other set of fractions was separated on SDS-PAGE, visualized by Coomassie 
staining and submitted for proteomics analysis. After trypsin digestion of four bands excised 
from the gel, the samples were sent to Protein Facility at Iowa State University for analysis. 
However, the data obtained for both WT and HAXXT5 samples did not match any peptide  
from available public database. One reason of this outcome could be that the amount of 
proteins in the samples was too low to be detected by the method used in the facility. The 
analysis was done using a MALDI based mass spectrometry which is not suitable for analysis 
of complex mixtures. In the future, the effort will be made to increase the protein binding 
efficiency during immunoprecipitation and to accumulate larger amount of 
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immunoprecipitation elution fractions to increase the protein amount for analysis. The 
samples will be sent to other facility, where LC-MS/MS is available for proteomics analyses.  
Materials and Methods
Plant material and growth condition 
 Seeds for growing the Arabidopsis plants in the liquid media were sterilized in 3% (v/
v) NaOCl with 0.1% (v/v) Triton X-100. Sterilized seeds were grown for 3-4 days in 500 mL 
flask containing a half strength Murashinge and Skoog (MS) medium under long day 
condition for germination (16 hr light  / 8 hr dark) at 22 ℃ with 150 rpm shaking.  After seed 
germinated, the seedlings were grown in the dark for 12 days. 
DNA constructs
 Preparation of plasmid for YFPMUR3, YFPFUT1, HAXXT1, HAXXT2 and 
BiFC2N5C was described in Chapter 2 and Chapter 3.  
Plant transformation and selection
 Plant transformation was adopted the protocol using using floral-dip methods (Clough 
et al, 1998) and selection condition was described in Chapter 5. The fluorescence of 
transgenic plants was visualized using Leica SP5 X MP confocal/multiphoton microscope 
with distinct filter cubes for YFP (filter set: excitation 485/20, emission 460/20). 
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Cell wall analysis
 Cell wall extraction and xyloglucan endoglucanase (XEG) digestion were performed 
according to the protocol described in (Zabotina et al 2012). 
Microsome preparation and protein solubilization
 10 g of plant material from suspension culture was ground in 60 mL protein 
extraction buffer (40 mM HEPES, 0.45 M sucrose, 1 mM EDTA, 1mM MgCl2, 1mM KCl, 
1mM dithiothreitol and protease inhibitor cocktail [Roche], pH 8.0). The extract was 
homogenized using Polytron homogenizer three times, 10 sec each at 10,000 rpm. The 
extract was then filtered through three layers of miracloth and centrifuged for 30 min at 
10,000 rpm at 4 ℃. The supernatant was laid onto 38% sucrose cushion and 
ultracentrifugated at 280,000 rpm (rotor: SW32) for 2 hr at 4 ℃. The interface was collected 
and diluted with at least two fold of volume of 40mM HEPES buffer pH 7.3. After 
centrifugation (rotor: 70Ti) at 370,000 rpm for 45 min at 4 ℃, the pellet was resuspended in 
1000 to 2000 µL suspension buffer (40 mM HEPES, 0.2M sucrose pH 7.3). Prepared 
microsome protein was solubilized using Triton X-100 with various conditions. 
Immunoprecipitation and detection by immunoblotting
 Solubilized protein solution was diluted with suspension buffer to reduce Triton 
X-100 concentration to 0.2%. Diluted solution was ultracentrifuged at 370,000 rpm for 45 
min using 70Ti fixed rotor and applied to HA-agarose tube. After 1.5 h incubation at 4°C, the 
anti-HA agarose column was washed with 500 µl wash buffer (25 mM Tris and 150 mM 
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sodium chloride, pH 7.2) three times and eluted with 200 µl elution buffer (200 mM glycine, 
pH 2.8). Fractions were concentrated using trichloroacetic acid (TCA) precipitation method. 
Silver staining
 Gel was incubated in fix solution (50% methanol and 5% acetic acid) for 20 min and 
washed with water three times. The gel was incubated in Sensitizing solution (0.02% sodium 
thiosulfate) for 1 min and washed with water three times.  Submerge gel in 15 ml Staining 
solution (0.1% silver nitrate with 0.08% formalin (37%)) for 20 min and wash with water 
two times 1 min each. Incubate the gel with 15 ml Developing solution (2% sodium 
carbonate with 0.04% formalin (37%)) until desired intensity of staining occurred. 
Trypsin digestion 
 The gel slice was washed with destaining buffer (25 mM NH4HCO3 in 50% 
acetonitrile  (ACN) ) for 30 min twice. After removed destaining buffer, reducing buffer (100 
mM DTT in 25 mM NH4HCO3) was added to cover the gel for 10 min at room temperature 
(RT). Removed reducing buffer and add alkylating reagent to incubate 30-45 min at RT in the 
dark and remove the reagent. Gel was washed twice with destaining buffer for 15 min and 
was dehydrated with 50 µl ACN. Trypsin working solution (12.5 ng/µl. Diluted with ice-cold 
25mM NH4HCO3) was add 10 µl directly onto the gel pieces and allow them to rehydrate on 
ice (90 min) to rehydrate the gel and removed trypsin solution. Gel was incubated in 50 µl 25 
mM NH4HCO3 for digestion at 37 ℃ overnight. Next day, the solution was collected and 
dried using speedvac. 
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CHAPTER 6
ANALYSIS OF RESIDUES AND CORE DOMAIN REQUIRED FOR ENZYMATIC 
ACTIVITY OF PLANT XYLOGLUCAN XYLOSYLTRANSFERASES XXT2 AND XXT5
(Manuscript is in preparation and will  be submitted to JBC)
Yi-Hsiang Chou*, Alan Culbertson*, Alesia Tietze*, Olga Zabotina
(Yi-Hsiang Chou’s contribution (25%) only is presented in this chapter)
  Abstract
 Xyloglucan xylosyltransferases (XXT2 and XXT5) are involved in cell wall 
xyloglucan biosynthesis in plant Golgi. They xylosylate a newly synthesized glucan 
backbone and have high substrate specificity. Sequence alignment and homology modeling 
predicted that both XXT2 and XXT5 are GT-A fold proteins and have two DXD (Asp-X-
Asp) motifs and a His residue which might be involved in catalytic activity of these enzymes. 
DXD motif is a common signature of glycosyltransferases which is involved in the substrate 
binding. Therefore, the importance of two DXD motifs and the His residue was examined in 
this study using site-directed mutagenesis and functional complementation assay. Proteins 
carried amino acid substitutions either in DXD motifs (AWA and ASA) or in His to Ala 
reside were expressed in Arabidopsis either xxt1 xxt2 or xxt5 knock-out mutant background. 
The ability of mutated XXT2 or XXT5 proteins to complement the lack of corresponding 
protein in the knock-out mutants was examined by observing root hair phenotypes in 
complemented transgenic lines created. The obtained results showed that both DWD and 
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DSD as well as the His residue are important for XXT2 enzymatic activity and function in 
vivo, whereas only the DSD motif is important for XXT5 protein function in vivo. 
Introduction
 Glycosyltransferases are the most important group of enzymes which are involved in 
plant cell wall polysaccharide biosynthesis catalyzing a monosaccharide moiety transfer from 
a nucleotide sugar to the oligosaccharide acceptor. Although the importance of 
glycosyltransferases in the cell wall polysaccharide biosynthesis has been recognized for a 
while, there is no much information available about what determines their catalytic 
mechanism and high substrate specificity. 
 Xyloglucan xylosyltransferases (XXTs) play important role in synthesizing xyloglucan 
which is a major hemicellulosic polysaccharide in primary cell wall of dicotyledonous and 
non-graminaceous monocotyledonous plants (O'Neill and York, 2003). XXTs xylosylate 
xyloglucan β(1,4)-glucan backbone forming α-(1,6) glycosidic linkages between glucose and 
xylose moieties.    
  XXTs are type II Golgi membrane proteins which have an N-terminal cytoplasmic 
domain, a transmembrane domain followed by a short stem region and a catalytic domain 
localized in Golgi lumen. XXTs belong to CAZy (Carbohydrate-Active enZymes) family 
GT34. In Aradidopsis, five genes belonged to GT34 family have been identified as 
xyloglucan xylosyltransferases (XXT1 to XXT5) (Vuttipongchaikij et al, 2012) (Fig 1A). 
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Figure 1
(A) Phylogenic tree of five XXT proteins in Arabidopsis GT34 family, PrGT34B and PrGT34C in 
Pinus radiata, XXT2 in Solanum lycopersicum, and a putative XXT in Oryza Sativa. The phylogenic 
tree was generated using Clustalw. (B) Clustalx was used to align five XXT sequences and two XXT 
orthologs, PrGT34B and PrGT34C in Pinus radiata, XXT2 in Solanum lycopersicum, and a putative 
XXT in Oryza Sativa. Two DXD motifs, DWD motifs conserved in seven XXTs but not in XXT3 and 
XXT4 were indicated in the first square. The DSD motifs were showed in the second square. The 
third square indicated the conserved H residue in all proteins.
XXT1, XXT2 and XXT5 have relatively high gene expression level in all plant tissues, 
whereas the expression levels of XXT3 and XXT4 are significantly lower and highly tissue 
specific. XXT1 and XXT2 have high sequence homology with 83% amino acid identity and 
91% amino acid similarity (Faik et al., 2002). The enzymatic activity of XXT1 and XXT2 
has been demonstrated in heterologous expression system (Cavalier and Keegstra, 2006) and 
indicated that both proteins have the same substrate specificity and produce the same 
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product, at least, in in vitro conditions. In xxt1 and xxt2 single mutants, the xyloglucan 
content has almost insignificant reduction, but its distribution patterns in different tissues are 
different, indicating that the contribution of these two proteins in xyloglucan biosynthesis is 
slightly different depending on the tissue (Cavalier et al., 2008; Zabotina et al., 2012). At the 
same time, in xxt1 xxt2 double mutant, the xyloglucan is not detectable indicating that, at 
least, either XXT1 or XXT2 has to be present to support the xyloglucan biosynthesis in a 
plant (Cavalier et al., 2008). 
The third xylosyltransferase XXT5 is also expressed in all plant tissues; it shares 59% 
identity and 74% similarity with XXT1 and XXT2, but its enzymatic activity has not been 
demonstrated (Zabotina et al., 2008). However, xxt5 single mutant shows 50% reduction of 
xyloglucan content in comparison with WT, xxt1 and xxt2 single mutants. The xxt1 xxt5 and  
xxt2 xxt5 double mutants synthesize fully decorated xyloglucan but contain only 50% of total 
amount of xyloglucan in their cell wall in comparison with WT and single xxt1 and xxt2 
mutants. This indicates that the presence of a single active XXT1 or XXT2 is sufficient to 
xylosylate glucan backbone, but the efficiency of xyloglucan biosynthesis depends on the 
presence of XXT5 (Zabotina et al, 2008). Thus, the results from reverse genetic studies 
suggested the functional interdependence among XXT1, XXT2 and XXT5 presumably 
through multiprotein complexes formation (Zabotina et al., 2012). 
Recently, the strong protein-protein interaction between XXT2 and XXT5 has been 
demonstrated using Bimolecular fluorescence complementation (BiFC), co-
immunoprecipitation and in vitro pull-down assay (Chou et al., 2012). In addition, it was 
shown that XXT2 and XXT5 interact through their C-terminal catalytic domains. Thus, 
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reverse genetic and biochemical studies demonstrated that XXT2-XXT5 heterocomplex is, 
most likely, the key player in xyloglucan biosynthesis. Therefore, we chose XXT2 and XXT5 
to investigate their catalytic mechanisms and reveal the main determinants of their enzymatic 
activity and specificity. 
Up to date none of the plant glycosyltransferases were structurally characterized, 
therefore, to gain insight into the XXT2 and XXT5 putative structural organization, we 
performed the homology modeling using an available structure for a viral glycosyltransferase 
that belongs to the same GT34 as a template (Zhang et al., 2007) and the YASARA software 
(Krieger et al., 2002). The structures predicted showed that XXT2 and XXT5 belong to GT-
A fold type of glycosyltransferases having typical Rossmann (Fig 2). 
Figure 2
Homology modeling of full-length XXT2 and XXT5. YASARA softweare was used to predicted 
the homolog model and molecular dynamics simulation for full-length XXT2 and XXT5. The two 
DXD motifs were showed in their predicted positions. The red ball is a manganese.
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Generally, most of GT-A fold glycosyltransferases have two closely stacked β/α/β 
Rossmann domains with distinct nucleotide and acceptor binding sites and one or two Asp-
X-Asp (DXD) signature motifs. This signature motif has been proposed to be involved in 
glycosyltransferase enzymatic activity and, specifically, in coordination of a divalent cation 
that contributes to the binding of nucleotide sugar (Lairson et al., 2008). For example in 
Arabidopsis, the importance of DXD motif in IRX14 protein, a putative xylosyltransferase 
involved in xylan biosynthesis, was examined by site-directed mutagenesis. The results 
demonstrated the involvement of DXD motif in IRX14 catalytic activity (Ren et al., 2014). In 
addition, the human xylosyltransferase XT-I involved in N-glycosylation of proteins has two 
DXD motifs, one of which is located closer to N-terminal (DED) and another is closer to C-
terminal region (DWD) of XT-1 protein catalytic domain. Götting et al (2004) have 
demonstrated that the mutation in DWD motif abolished protein activity, whereas the 
mutation in DED did not affect the XT-I activity. On the contrary, Arabidopsis β-(1,2) 
xylosyltransferase XTLT, which is also involved in biosynthesis of N-glycoprotein, does not 
have DXD motifs in its sequence indicating that the DXD motifs are not always signature 
residues responsible for catalytic activity of glycosyltransferases (Saint-Jore-Dupas et al., 
2006). 
Amino acid sequence analysis of XXT2 and XXT5 revealed two conserved DXD 
motifs located near the stem region (DWD) and in the bulk catalytic domain (DSD) of 
proteins (Fig 1B), which is somewhat similar to human XT-I. In addition, a conserved 
histidine (H) residue localized closer to C-terminal of catalytic domain of plant XXTs 
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(XXT2H378 and XXT5H378) was predicted by molecular simulation to be involved in 
substrate binding (Fig 3). 
Figure 3
The predicted XXT catalytic center. The molecular dynamic simulation identified DSD motif and His 
residue coordinate with Mn2+ to stabilize UDP-xylose (yellow) binding. The simulation was done 
using YASARA software.  
In previous work in our laboratory, the site-directed mutagenesis of predicted two 
DXD motifs and H378 residue in XXT2 was performed to analyze the importance of those 
amino acids for the protein transferase activity in vitro. The D residues in both DXD motifs 
and the H residue were mutated to alanine (A). XXT2 catalytic domain was heterologously 
expressed in E. Coli. (soluBL21) cells and the enzymatic activity of recombinant mutant 
proteins was tested. Obtained results demonstrated that all mutations completely abolished 
the XXT2 enzymatic activity confirming the importance of both DXD motifs and H residue 
for the activity in vitro. These results somewhat contradicted to observations reported for 
human XT-I. Since XXT5 has the same DXD motifs and the H residue in its sequence, the 
similar mutations were performed for XXT5 protein as well. However, the enzymatic activity  
of mutants in vitro was not investigated due to the lack of suitable conditions for the assay. 
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 In this study, we investigated the functionality of XXT2 and XXT5 mutants created 
using functional complementation assay in vivo. All variants of mutated XXT2 or XXT5 
were introduced into the binary vectors for the expression in Arabidopsis plants and 
transformed into xxt1 xxt2 and xxt5 knock-out mutant plant background, respectively 
(XXTmut1: DWD motif mutated to AWA, XXTmut2: DSD motif mutated to ASA, 
XXT2H378A and XXT5H378A). The characterization of the transgenic plants expressing 
mutated XXT2 or XXT5 proteins demonstrated the importance of the residues substituted to 
alanine for proteins’ function in plant and gained more insights into the role of XXT5 in 
xyloglucan biosynthesis. 
Results
Site-directed mutagenesis
 Five constructs carrying mutated XXT2 or XXT5 were created  using different pairs 
of primers to generate mutated base pairs (Fig 4A and 4B). In XXT2 amino acid sequence, 
two D126 / D128 residues (DWD motif) localized close to the stem region were mutated to 
A126 / A127 residues (AWA motif) by changing two DNA base pairs in XXT2 gene sequence 
(GA 377 / 383T (D) to GC377 / 383T (A)). The XXT2AWA gene was cloned into pGWB-15 binary 
vector which was named XXT2mut1. The other two D228 / D230 residues in DSD motif, which 
is localized close to C-terminal of catalytic domain, were mutated to A228 / A230 by changing 
the corresponding  base pairs GAT to GCT and the mutated XXT2ASA gene was also cloned 
into pGWB-15 (Nakagawa et al., 2007) and the construct was named XXT2mut2. We also 
created a XXT2-pGWB15 construct served as a positive control for the experiments. In 
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XXT5 amino acid sequence, the D127 / D129 in DWD motif was mutated to A127 / A129 and the 
XXT5AWA gene was cloned into pEarleyGate201 and the plasmid was named XXT5mut1. The 
D228 / D230 were mutated to A228 / A230 and XXT5ASA was cloned into pEarleyGate201 to 
create XXT5mut2. The H378 residue was also mutated to A378 in XXT5 to have XXT5H378 
mutant and XXT5H378 was cloned into pEarleyGate201. The mutated XXT2 was cloned into 
pGWB-15 vector because both the pEarleyGate201 and the xxt1 xxt2 knock-out mutant carry 
the Basta selection marker, bar genes. This would prevent the effective selection of 
transgenic lines having the same selection marker. Both pEarleyGate201 and pGWB-15 
include Cauliflower mosaic virus 35S RNA promoter and HA tag coding sequence. The 
mutated XXT2 and XXT5 were transformed into xxt1 xxt2 double mutant and xxt5 single 
mutants, respectively.
Figure 4
Schematic diagram of DXD motifs and H residue mutation constructs.(A) The designed primers used 
for site-directed mutagenesis. (B) Either DWD (Asp-Trp-Asp) or DSD (Asp-Ser-Asp) motif in XXT2 
was mutated to AWA (Ala-Trp-Ala) and ASA (Ala-Ser-Ala) respectively. The mutated XXT2 
(XXT2mut1 and XXT2mut2) was cloned into pGWB15 binary vector. pGWB15 binary vector 
contained a 35S promoter, a N-terminal HA fusion tag and a hpt gene for hygromycin selection.  The 
DWD, DSD and His (H) residue were mutated to AWA, ASA and Ala (A) residue in XXT5 
respectively. The mutated XXT5s were cloned into pEarleyGate201 binary to have XXT5mut1, 
XXT5mut2 and XXT5H380A constructs. pEarleyGate201 contained a 35S promoter, a N-terminal 
HA fusion tag and a bar gene for Basta selection. The numbers indicated the amino acid positions in 
XXT2 and XXT5’s sequence and the black bar indicates the transmembrane domain.
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Genotyping analysis for T1 transformants
 To confirm that the herbicide or antibiotic resistant plants carry the whole construct, 
the genotyping analyses were performed for independent transgenic lines (T1) of XXT2mut2, 
XXT5mut1, XXT5mut2, and XXT5H378A. The genomic DNA was extracted from 0.2 mg 
rosette leaves as described in Material and Methods. The primer pair of a 35S promoter 
sequence forward primer and a XXT2 gene specific reverse primer, the sequence of which 
locates at 360 base pairs position, were used to examine the insertions of XXT2mut2. The 
expected length of fragment for XXT2mut2 was 815 base pairs (Fig. 5A). The transformed 
XXT2mut1 T1 seeds are currently in selection process. For XXT5mut1 insertion, a HA-tag 
forward primer and a XXT5 3’-end reverse primers were used to amplify the fragment of 
1,450 base pairs (Fig. 5B). For XXT5mut2 and XXT5H378A, a 35S promoter sequence 
forward primer and a XXT5 gene specific reverse primer located at 222 base pairs position 
were used to amplify a 676 base pairs fragment (Fig. 5C and 5D). The amplified fragments 
were sequenced to confirm that the genes introduced into the plants carry the mutation 
created during cloning. The results of sequencing showed that all transgenic lines express the 
genes with expected mutations as shown in Figure 4.   
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Figure 5
Genotyping analysis of transgenic plants. (A) Genotyping analysis of XXT2mut2 T2 plants using a 
35S promoter forward primer and a XXT2 gene specific reverse primer which locates at 360 base 
pairs position. (B) Genotyping analysis of XXT5mut1 T1 plants using a HA-tag forward primer and a 
XXT5 3‘-end reverse primers. (C) and (D) Genotyping analysis of XXT5mut2 and XXT5H380A T2 
plants using a 35S promoter forward primer and a XXT2 gene specific reverse primer which locates 
at 360 base pairs position.
Confirmation of mutated proteins expression in XXT2 and XXT5 transgenic lines
 Total membrane protein extracts were prepared from individual transgenic lines of 
XXT2mut2, XXT5mut1, XXT5mut2 and XXT5H378A as described in Material and Methods 
and separated by SDS-PAGE. Since all mutated genes were cloned into binary vectors 
contained a HA tag sequence, the expressed fusion proteins could be examined by 
immunoblot using anti-HA epitope antibodies. The calculated molecular masses of HA 
tagged fusion proteins XXT2 (Fig. 6A) and XXT5 (Fig. 6B, 6C and 6D) are approximately 
55 kDa. The results of immunoblot analysis showed that HA-tagged XXTs were expressed in 
all transgenic lines created using the corresponding T-DNA knock-out mutants as a 
background.
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Figure 6
Confirmation of protein expression in transgenic plants. Membrane protein was isolated from T3 
plant seedlings. The 50 µg of protein was solubilized using 1% Triton X-100. Membrane protein was 
separated using SDS-PAGE. The anti-HA antibodies were used for detecting HA tagged fusion 
proteins.
Examination of  root hair phenotypes of transgenic lines harboring the mutated XXT2 
and XXT5
 The abnormal root hair phenotypes of xxt1 xxt2 double and xxt5 single mutants were 
observed in previous studies. xxt1 xxt2 double mutant seedlings have short roots with bulging 
bases (Cavalier et al., 2008) and xxt5 mutant seedlings have shorter roots with a bubble-like 
extrusions at the root tips (Zabotina et al 2008). It was proposed that these root hair 
phenotypes of both xxt1 xxt2 and xxt5 mutant plants are caused by reduction of the cell wall 
strength due to the lack or reduction of xyloglucan content which affects root hair growth. 
Therefore, the functional complementation assay can reveal the enzymatic activity of 
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mutated XXT2 and XXT5 by examining the root hair phenotypes which can reflect the 
complementation of xyloglucan content in transgenic plants. The root hairs of all created 
transgenic lines were examined using the light microscopy. The results showed that both 
XXT2mut2 was not able to complement xxt1 xxt2 mutant phenotype to normal root hair 
phenotype observed either for xxt1 single mutant or WT plants (Fig. 7A), suggesting the 
importance of DSD motifs mutated in XXT2 for its functionality in vivo. Interestingly, xxt5 
mutant root phenotype was complemented by XXT5mut1 but not by XXT5mut2 indicating 
that the DSD motif is important for XXT5 function in vivo, whereas DWD is not.(Fig. 7B). 
In addition, XXT5H378A was able to complement xxt5 mutant root hair phenotype (Fig 7B) 
indicating that H residue in XXT5 does not contribute to its function in vivo.  
Figure 7
Examination of root hair phenotype of WT, xxt1 xxt2 double, xxt1, xxt5 mutant and transgenic lines.  
(A) The root phenotypes in comparison between WT, xxt1 xxt2 , xxt1 mutant and XXT2mut2 
complemented plant. (B) The root phenotypes in comparison between xxt5 mutant, native XXT5 
complemented plant and XXT5mut1, XXT5mut2 and XXT5H380A complemented plants. Scale bar 
= 200 µm.
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Discussion
 Xyloglucan xylosyltransferases (XXTs) are an important group of 
glycosyltransferases in xyloglucan biosynthesis. The function of these enzymes is to 
xylosylate newly synthesized glucan backbone to form xylosylated xyloglucan backbone 
which can be further decorated with galactosyl and fucosyl residues to synthesize a highly 
branched structure of completely decorated xyloglucan. In Arabidopsis, five GT34 genes 
were annotated to form two distinguish xylosyltransferase clades (Fig. 1). While XXT1 and 
XXT2 are biochemically confirmed xylosyltransferases, XXT5 is an important protein for 
xyloglucan formation but its functionality is still unclear. The homology modeling of three 
XXTs was performed using an available structure for viral glycosyltransferase (A64R) 
(Zhang et al 2007). The crystal structure of this putative glucosyltransferase showed that 
UDP-glucose was bound to DSD motif in the active site of protein only when Mn2+ was 
present. Our computational studies demonstrated similar dependence of plant XXTs on Mn2+ 
and DSD motif for their enzymatic activity. The molecular dynamic simulations of UDP-
xylose bound to active sites in XXTs were also in a good agreement with those for A64R 
indicating the sufficient reliability of structural predictions performed in our study (Fig. 3). 
Results of the sequence alignment showed that there are two conserved 
glycosyltransferase signature DXD motifs (DWD and DSD) in all xylosyltransfrases 
annotated so far in various plant species, which are predicted to be involved in xyloglucan 
biosynthesis in those plants (Fig 3). Therefore, results obtained in this study, most likely, can 
be extended to other plant xylosyltransferases involved in xyloglucan biosynthesis and 
predict the importance of these conservative motifs for enzymatic activity and functioning of 
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other protein orthologs to XXT2 and XXT5. Thus, DWD and DSD motifs are both important 
for XXT2 function and these results conform to the in vitro results obtained earlier in our lab. 
In contrast, while the XXT5 with mutated DSD motif lost its ability to recover xxt5 mutant 
phenotype, the mutation of the DWD motif did not affect the function of XXT5 indicating 
the importance of only DSD motif for XXT5 functionality. 
 In addition, a conserved H residue in both XXT2 and XXT5 was predicted using 
homology modeling to be involved in substrate binding (Fig. 3). In the case of XXT5, the 
complementation assay showed that this H residue mutation does not affect XXT5 function 
in vivo indicating the H residue is not involved in XXT5 functioning in plant. 
The results of root hair phenotype complementation gave a glance on the in vivo 
function of DXD motifs and H residues in XXT2 and XXT5. However, to confirm the root 
hair phenotypes are due to inactive or low activity proteins, the cell wall xyloglucan content 
analysis will be performed in the future. 
 The in vitro enzymatic activity assay for XXT1 and XXT2 has been established by 
using either full-length recombinant proteins expressed in insect cells (Faik et al., 2002 and 
Cavalier et al., 2006) or by using truncated proteins expressed in E. coli cells (Culbertson et 
al., in preparation). Truncated proteins were lacking their cytosolic N-termini and 
transmembrane domains, which increased the protein solubility. However, XXT5 enzymatic 
activity still cannot be demonstrated in both expression systems. Ade et al 2014 used a 
functional genomics approach to identify two candidate genes in Pinus taeda, PrGT34B, the 
ortholog of XXT1 and XXT2, and PrGT34C, the ortholog of XXT3, XXT4 and XXT5 (Fig 1 
and Fig 3). To functionally characterize PrGT34B and PrGT34C, the truncated proteins 
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lacking their cytosolic and transmembrane domains were heterologously expressed in insect 
cells. The in vitro xylosyltransferase activity assay showed PrGT34B had high 
xylosyltransferase activity, wherease PrGT34C, the ortholog of XXT5, did not show activity. 
The amino acid sequence analysis of XXT1, XXT2, XXT5, PrGT34B and PrGT34C showed 
both DWD and DSD motifs are conserved in their sequences while other Arabidopsis 
xylosyltransferases from family GT34, XXT3 and XXT4 do not have this DWD motif. Del 
Bem and Vincentz (2010) reported the positive correlation between the number of 
homologous genes form each gene family represented in various plant species and the 
complexity of the plant cell wall in those species. This suggest the functional differentiation 
between one clade of xylosyltransferases, which includes XXT1, XXT2, and PrGT34B, and 
another clade including XXT3, XXT4, XXT5 and PrGT34C, might happened in common 
ancestors of angiosperms and gymnosperms. Thus, perhaps in Arabidopsis, XXT5 lost the 
function of its DWD, while XXT3 and XXT4 proteins lost their DWD motif completely 
during evolution. This might explain the tissue specific expression of XXT3 and XXT4 
which are different from XXT1, XXT2 and XXT5 (Zabotina et al., 2012, Vuttipongchaikij et 
al, 2012). 
 Generally, DXD motif in GT-A fold glycosyltransferases is believed to be involved in 
coordinating with a divalent ion which interacts with the diphosphate moiety of the substrate 
to facilitate the breakage between sugar and nucleoside diphosphate leaving group. However, 
the catalytic mechanism of DXD motif in each particular glycosyltransferase differs due to 
the specificity of donor and acceptor substrates. For example, human XT-I have two DXD 
motifs, DED and DWD similar to XXT2 and XXT5, however the first  DED motif is not 
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involved in activity of XT-I. DWD motif, which is a first DXD motif in plant XXTs localized 
close to their stem region but the second DXD motif in human XT-I localized in its catalytic 
domain closer to C-terminus, is important for catalytic activity in both plant XXT2 and 
human XT-I. All three residues (D, W, D) in this motif have been demonstrated to be 
important for XT-I activity, and each of those amino acids has its own role in the catalytic 
mechanism (Götting et al., 2004). The authors demonstrated that the first D residue has to be 
an acidic residue to coordinate with manganese ion; the aromatic property of the W residue is 
important in the enzymatic activity; and the mutation in the third D residue to either acidic or 
neutral amino acids reduces the enzymatic activity to ~40% of WT protein. Interestingly, 
although the W residue in DWD motif is conserved in animal XT-I and the DWD motif is 
important for Arabidopsis XXT2 activity as shown in this study, the position of the DWD in 
XXT2 is far from the catalytic site predicted in plant XXT2. In addition, the DWD motif is 
not involved in XXT5 putative activity. A more detailed site-directed mutagenesis study is 
currently in progress in our lab to elucidate the functionality of each amino acid residue 
localized within putative catalytic site of two Arabidopsis xylosyltransferases.
 In the conclusion, we investigated the contribution of two DXD motifs and H residue 
revealed from computational simulations to the function of XXT2 and XXT5 in vivo. 
Considering the importance of DSD motif for XXT5 functioning in vivo, it is plausible to 
hypothesize that this protein requires nucleotide binding and, perhaps, has catalytic activity 
in vivo. It is possible that its activity depends on the presence of XXT2 or even on the 
complex formation between these proteins. We can also hypothesize that DWD motif in 
XXT2 might be involved in binding of glucan chain and redirecting it into the binding site of 
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the protein. Perhaps, the structural organization of XXT5, for example its substantially 
shorter stem region in comparison with XXT2, creates an environment for DWD motif, in 
which it loses the ability to bind strongly the acceptor and, therefore, makes XXT5  
dependent on the presence of XXT2. 
 To further understand the precise catalytic mechanisms, substrate binding and protein-
protein orientation in XXT2-XXT5 heterocomplex, the molecular structures of these proteins 
are required to identify the intramolecular rearrangements in XXT’s catalytic sites and reveal 
additional critical residues involved in substrate binding and protein-protein interactions.   
Materials and Methods
Preparation of plant transgenic lines and plant growth condition
 Arabidopsis thaliana Columbia-0 (Col-0) was used as wild-type (WT) plants. The 
xxt5, xxt1 xxt2 and T-DNA insertion lines were created before (Zabotina et al 2008 and 
2012). All plants for transformation and propagation were grown under long day conditions 
( 16 hr light  / 8 hr dark) at 22 ℃ in growth chamber.  
Site-directed mutagenesis and construct preparation
 The primers used for the site-directed mutagenesis of XXT2 and XXT5 were 
designed by Gennady Pogorelko (former postdoc in the lab) and described in following 
Table. (Fig 4A)
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Primer Table
Primer Sequence (5’ to 3’)
XXT2-F CGTCATATGATGATTGAGAGGTGT
XXT2-R AATGGATCCTCAAACTTGATTGGT
XXT2int_1-F CAGAGATCTGATTGGTTAGCTAAGAACCCTAGCTTCCCTA
XXT2mut1-R TAGGGAAGCTAGGGTTCTTAGCTAACCAATCAGATCTCTGCTC
AGCCCAAGCTGATATCTTGG
XXT2mut2-F AGCTTTTGTTGTCACATCCTGAGATTGAGTTTCTTTGGTGGAT
GGCTAGTGCTGCTATGTTTAC
XXT2int_2-R CACCAAAGAAACTCAATCTCAGGATGTGACAACAAAAGCT
XXT5-F aataagcttATGGGTCAAGATGGTTC
XXT5-R ACCATATGCTAGTTCTGTGGTTTGGTTTCCAC
XXT5int_1-F CAACGTAAGGTATGGTTGAATCCTGAGTTTCCTA
XXT5mut1-R TAGGAAACTCAGGATTCTGATTCAACCATACCTTACGTTGACT
AGCCCAAGCCGTGATCTTAG
XXT5mut2-F GTTGATGTTGTCTCATCCAGAAGTTGAGTGGATCTGGTGGATG
GCTAGTGCTGCTTTGTTC
XXT5int_2-R CCACCAGATCCACTCAACTTCTGGATGAGACAACATCAAC
XXT5int_H378-F TGTAAACCGTGTGGTAGCTATGCTGATTATGCAGTCGAGAGG
XXT5H378-R CCTCTCGACTGCATAATCAGCATAGCTACCACACGGTTTACAC
CCAACGAATGCGGTCACAAA
 For each mutated XXT, two fragments were amplified by polymerase chain reaction 
(PCR) using Platinum Taq DNA polymerase High fidelity (Invitrogen). Final fragment was 
ligated into pCR8/GW/TOPO entry vector (Invitrogen) as described in manufacture’s 
instruction. Ligation product was transformed in to E. Coli. (DH10b) and selected on LB 
agar plates with 50 ug/ml spectinomycin . The mutated gene entry construct was isolated 
from cell culture for sequencing. The mutated gene in the entry construct was transfer into 
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destination binary vector, pEarleyGate 201 (Basta resistant) (TAIR Ref) or pGWB-15 
(Hygromycin resistant, a gift from Dr. Tsuyoshi Nakagawa) (Nakagawa et al.,2007).   
Plant transformation
 Arabidopsis plant transformation using floral-dip methods (Clough et al, 1998 ) was 
performed. Forty to sixty seeds were planted in one pot for six to eight weeks. Six to eight 
week-old plants were transformed using Agrobacterium tumefaciens strain GV3101 carrying 
the gene of interests binary vector. After transformation, plants were grown for more three to 
five weeks until siliques were brown and dry. Seeds were harvested for further selection. 
Hygromycin marker selection: Seeds were surface sterilized by 70% ethanol and 
bleach solution (3% sodium hyprochlorite, 0.02% Triton X-100) and then washed with 
sterilized water for four times. Seeds were resuspended in 0.05% agarose and planted on one 
and a half strength Murashinge and Skoog (MS) medium plat with 25 µg/mL hygromycin. 
Basta selecion: Seeds were sprayed on wet soil in trays for germination. The germinated 
seedlings were sprayed with 120 mg/L. Basta treatments were repeated three times in two 
weeks with few days intervals.  
Genotyping analysis of resistant transgenic plants
 Genomic DNA (gNDA) was extracted from plant rosette leaves. 70 to 100 mg of leaf 
tissue was ground in liquid nitrogen then suspended in 700 µL CTAB extraction solution 
(100mM Tris-HCl pH8.0, 20mM EDTA, 2% NaCl, 0.5% cetyltrimethylammonium bromide, 
CTAB, 0.5% polyvinylpyrrolidone and 2% β-mercaptoethanol). The solution was incubated 
at 60 ℃ for 30 min. 700 µL of 24:1 chloroform:isoamyl alcohol was added and was 
centrifuged 14,000 xg for 10 mins. The aqueous layer was removed to a new tube and then 
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added 700 µL isopropanol. After centrifugation at 14,000 xg for 10 mins, the supernatant was 
removed and 700 µL 70% ethanol was added to wash the pellet. The solution was again 
centrifuged at 14,000 xg for 10 mins, and the supernatant was removed. The final pellet was 
dried by inverting the tube and resuspended in 40 µL of water. 
PCR analysis was performed using extracted gDNA as the template. PCR reaction was done 
using GoTaq green master mixture (Promega) followed the protocol instruction and using 
gene specific primers.     
Membrane protein extraction
 Total membrane protein was extracted from 40 to 80 seedlings. The seedlings were 
ground in 10 mL protein extraction buffer ( 40 mM HEPES, 0.45 M sucrose, 1 mM EDTA, 1 
mM MgCl2, 1 mM KCl, 1mM dithiothreitol, protease inhibitor cocktail [Roche], pH 8.0). 
The extract was homogenized using Polytron homogenizer three times, 10 sec each at 10,000 
rpm. The extract was then filtered through three layers of miracloth and centrifuged for 30 
min at 10,000 rpm at 4 ℃. The supernatant was transferred to a polycarbonate tube with 
aluminum cap assembly and ultracentrifuged at 37,000 rpm  (100,000 xg) for 45 min with 
70Ti fixed rotor. After centrifugation, the supernatant was removed and the pellet was 
resuspended in 200 µL suspension buffer (40 mM HEPES, 0.2M sucrose pH 7.3). Protein 
concentration was measured using Bradford protein assay (reference) and the absorbance was 
read at 595 nm. 
Immunoblot analysis
 The total protein extract (prepared as described above) was treated with 1% Triton 
X-100 for 30 min at 4 ℃ to solubilize membrane-bound proteins. After solubilization, 
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proteins were ultracentrifugated at 370,000 rpm for 45 min and  precipitated with 10% 
trichloroacetic acid. The precipitated protein was resuspended in loading buffer with β-
mercaptoethanol. Proteins were separated using SDS-PAGE method and transferred to a 
nitrocellulose membrane (0.2 µm, Bio-Rad) for immunodetection. Polyclonal anti-HA 
antibodies were used (1:500 dilution) to detected HA-fused proteins. 
Analysis of root hair phenotype
 The sterilized seeds were plated on a plate with half strength MS and 0.3% gelrite . 
After seeds germinated and the roots grew into the media, the plates were placed at a 
45∘angle to the vertical position. Pictures of 10-day old roots were taken using a Leica 
DMIRE2 light microscope with a Retiga 1300 camera. 
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CHAPTER 7
CONCLUSIONS AND FUTURE DIRECTIONS
 In this dissertation, we contributed to understanding of functional organization of 
seven glycosyltransferases involved in xyloglucan biosynthesis in Arabidopsis Golgi. These 
enzymes are a glucan synthase CSLC4; three xylosyltransferases, XXT1, XXT2 and XXT5; 
two galactosyltransferases, XLT2 and MUR3; and a fucosyltransferase FUT1 (Perrin et al., 
1999; Faik et al., 2002; Madson et al., 2003; Cavalier and Keegstra, 2006; Cocuron et al., 2007; 
Zabotina et al., 2008; Jensen et al., 2012). 
Using three independent but complement approaches, we revealed multiprotein 
interaction network among those enzymes (Fig 1). In addition, we performed a site-directed 
mutagenesis study of two xylosyltransferases (XXT2 and XXT5) involved in xyloglucan 
biosynthesis and demonstrated an importance of the signature DXD motifs and His residue 
for functioning of these enzymes in vivo.  
 
Figure 1. Proposed protein-protein interaction network described in Figure 9 of Chapter 2
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Proposed organization of xyloglucan synthesizing complex
 We propose that enzymes involved in decoration of xyloglucan backbone, XXT1, 
XXT2, XXT5, MUR3, XLT2 and FUT1 are organized around glucan synthase CSLC4. The 
BiFC assay using Arabidopsis protoplast transient expression system demonstrated the 
protein-protein interactions in the pairs of XXT2-XXT5, XXT2-XXT1, XXT2-FUT1, XXT5-
FUT1, FUT1-MUR3 and FUT1-XLT2 and their  co-localization into multiprotein complexes 
in Golgi apparatus. In vitro pull down assay using truncated recombinant proteins lacked 
cytosolic N-termini and transmebrane domains showed the physical interactions in pairs 
XXT2-XXT5, XXT1-XXT2, FUT1-XXT2 and FUT1-MUR3 occur through protein C-
terminal domains in Golgi lumen. CSLC4 has six transmembrane domains with N- and C-
termini localized in cytosolic side of Golgi membrane. The BiFC assay using combinations 
of  N- or C-terminal tagged CSLC4 showed strong homo-complex formation suggesting the 
possibility that organization of CSLC4s is similar to cellulose synthase-A (CESA) proteins 
(Kurek et al., 2002). The predicted catalytic loop of CSLC4 locates in cytoplasm (Davis et al., 
2010) suggesting the interactions between CSLC4 and other enzymes are either through their 
transmembrane domains or through CSLC4 lumen loops and glycosyltransferase stem 
regions. Moreover, the ability of XXT2 and FUT1 to form homo-complexes and to have, at 
least, two interaction surfaces assists forming larger multiprotein complexes and maintaining 
the protein complex dynamics. The exact composition and stoichiometry of these complexes 
is still to be elucidated, therefore, we continue the study described in chapter 5 and anticipate 
that the combination of immunoprecipitation and proteomics will reveal most of the 
components which present in the same complex. However, the ability to pull down complete 
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complex depends significantly on the strength of protein-protein interactions and solubility of 
membrane proteins. 
Physiological advantage of the complex organization to synthesize xyloglucan
 When elongating glucan chain, which is synthesized by CSLC4 and translocated into 
Golgi lumen, exits the transmembrane channel of glucan synthase, it has to be xylosylated 
and galactosylated in order to maintain the solubility of the linear glucan oligosaccharide 
longer than 4-5 glucose moieties. This limitation in solubility of non-decorated glucan 
dictates the necessity of the close proximity of xylosyltransferases and, most likely, of 
galactosyltransferases to the glucan synthase CSLC4. Although, it seems that fucosylation is 
not strongly required to occur immediately after galactosylation proceeded, one could argue 
that processive way of glucan decoration to form  xyloglucan molecule without releasing it 
from the complex before the process completed is the most efficient way of the synthesis. 
 Another reasoning for the existence of multiprotein complex is that the organization 
of the enzymes into a big multiprotein complex prevents their capture into the vesicles 
budded from Golgi to transport polysaccharide to the cell apoplast (Nilsson et al., 1993). It is 
known that cellulose synthases (CESA) are delivered from ER via Golgi vesicles to the cell 
surface, where they are incorporated into plasma membrane to synthesize cellulose 
microfibrils. However, there is no any evidence demonstrating that the glycosyltransferases 
involved in synthesis of other matrix polysaccharides can also travel in vesicles to the cell 
wall or plasma membrane and back. Most likely, they remain in Golgi membrane and get 
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either recycled from trans-Golgi to cis-Golgi, or most likely, get disassembled and degraded 
or delivered to vacuole. Retention in Golgi requires the mechanism that would prevent the 
glycosyltransferases being captured in vesicles budded from Golgi apparatus; formation of 
multiprotein complexes, the size of which would be big enough not to fit into the vesicle, was 
proposed as one of such possible mechanisms. 
Residues required for xylosyltransferase activity 
 As a part of this dissertation, we also investigated the putative residues in XXT2 and 
XXT5 predicted to be critical for the  enzymatic activity. Sequence alignment showed that 
XXT2 and XXT5 contain two DXD motifs (DWD and DSD). DXD motif is typical in GT-A 
fold glycosyltransferases and believed to be involved in substrate binding. The homology 
modeling and molecular dynamic simulation predicted the DSD motif and a His (H) residue 
could be important in coordinating with Mn2+ to stabilize UDP-xylose. Site-directed 
mutagenesis of D residues in DWD and DSD and H residue to A residues in XXT2 and 
XXT5 showed that both DXD motifs and H residues are important for XXT2 activity in vitro 
and in vivo, while only DSD motif is important for XXT5 function in vivo. It is possible that 
DWD motif localized in stem region of XXTs is involved in binding of acceptor molecule in 
XXT2 binding site. In contrast, the enzymatic activity of XXT5 was not demonstrated; 
although the function of XXT5 depends on DSD motif, it is possible that this motif either is 
not involved in binding of nucleotide xylose or binding of nucleotide is important but not for 
catalytic activity. In the future, additional experiments are required to reveal the actual 
function of XXT5. Currently, several other residues predicted to be localized in active site of 
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XXT2 are under further investigation using site-directed mutagenesis, activity assay and 
biophysical techniques. 
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